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EINE� BESONDERE� 3CHWIERIGKEIT� F¬R� DIE� -/60%� DER� ÌNTIMONIDE�� $IE� ERFOLGREICHE
ÌBSCHEIDUNG� EINER� MONOLITHISCHEN� 	ÌL'A
	ÌS3B
�'A3B�4ANDEMZELLEN�3TRUKTUR� WIRD
HIERDURCH�ZUS�TZLICH�ERSCHWERT�

6OR� DIESEM� TECHNOLOGISCHEN� (INTERGRUND� SOLLTEN� IM� 2AHMEN� DIESER� $OKTORARBEIT
ZAHLREICHE�ÌSPEKTE�VON� SOWOHL�GRUNDLEGENDER�ALS� AUCH�ANGEWANDTER�.ATUR�BEARBEITET
WERDEN�� $AS� 3PEKTRUM� WISSENSCHAFTLICHER� &RAGESTELLUNGEN� REICHT� HIERBEI� VON
GRUNDLEGENDEN� &RAGEN� DES� ÌNTIMONID�+RISTALLWACHSTUMS� ¬BER� DIE� ELEKTRONISCHEN� UND
OPTISCHEN� %IGENSCHAFTEN� VON� $OTIERSTOFFEN� BIS� HIN� ZU� TEILS� NEUARTIGEN� "AUELEMENT�
3TRUKTUREN�WIE�DER�OBEN�ERW�HNTEN�MONOLITHISCHEN�	ÌL'A
	ÌS3B
�'A3B�4ANDEMZELLE�

���8JTTFOTDIBGUMJDIF�&SHFCOJTTF�VOE�"VTCMJDL

$IE�VORLIEGENDE�$OKTORARBEIT�PR�SENTIERT�%RGEBNISSE�ZU�EINEM�BREITGEF�CHERTEN�3PEKTRUM
GRUNDLEGENDER� UND� ANGEWANDTER� ÌSPEKTE� DES� -/60%�7ACHSTUMS� ANTIMONHALTIGER
-ATERIALIEN� UND� PHOTOVOLTAISCHER� "AUELEMENT�3TRUKTUREN�� $IE� ENTSPRECHENDEN
%RGEBNISSE�LASSEN�SICH�IN�DREI�"EREICHE�GLIEDERN��:UN�CHST�WURDEN�GRUNDLEGENDE�&RAGEN
DES� KOMPLEXEN� +RISTALLWACHSTUMS�0ROZESSES� UNTERSUCHT� 	+APITEL� �
�� 7EITERHIN� WURDEN
DIE� ELEKTRONISCHEN� UND� OPTISCHEN� %IGENSCHAFTEN� DES� 3ILIZIUM�ÌKZEPTORS� IN� 'A3B
GEMESSEN�UND�ANALYSIERT�	+APITEL��
��ÌUF�"ASIS�DER�SOMIT�ERARBEITETEN�PHYSIKALISCHEN�UND
MATERIALWISSENSCHAFTLICHEN� 'RUNDLAGEN� KONNTEN� TEILS� NEUARTIGE� "AUELEMENT�3TRUKTUREN
ABGESCHIEDEN�UND�UNTERSUCHT�WERDEN�	+APITEL��
��$IE�%IGENSCHAFTEN�DER�ENTSPRECHENDEN
3OLARZELLEN�WURDEN�MIT�DEN�2ESULTATEN�ZU��-ATERIALEIGENSCHAFTEN�UND�+RISTALLWACHSTUM
KORRELIERT��)M�FOLGENDEN�WIRD�EIN��BERBLICK�¬BER�DIE�ERZIELTEN�%RGEBNISSE�GEGEBEN�

%S� WURDEN� ZAHLREICHE� F¬R� DEN� %PITAXIE�0ROZE�� WICHTIGE� &RAGEN� HINSICHTLICH� DER� 'A3B�
7IRTSKRISTALLE� 	À3UBSTRATEÁ
� UNTERSUCHT�� $A� DIE�1UALIT�T� KOMMERZIELL� ERH�LTLICHER� 'A3B�
3UBSTRATE� INFOLGE� EINES� NAT¬RLICHEN� /XIDS� UND� SCHLECHTER� 0OLIER�4ECHNIKEN� NOCH
VERGLEICHSWEISE� MANGELHAFT� IST
� SIND� 6ERFAHREN� DER� /BERFL�CHEN�0R�PARATION� INNERHALB
DES�-/60%�2EAKTORS�	SOGENANNTE�ÂIN�SITU�6ERFAHRENÀ
�VON�GRO�EM�)NTERESSE��)N�DIESEM
:USAMMENHANG� WURDE� DIE� $ESORPTION� NAT¬RLICHER� /XIDE� MITTELS� DER� 30Ì�4ECHNOLOGIE
	3URFACE�0HOTO�ÌBSORPTION
�ANALYSIERT
�WOBEI�EINE�ÌKTIVIERUNGSENERGIE�VON���E6�F¬R�DEN
BEOBACHTETEN� 0ROZE�� BESTIMMT� WERDEN� KONNTE�� :UDEM� KONNTE� ERSTMALIG� DIE� IN�SITU
yTZUNG� VON� 'A3B� DURCH� 4ERTI�RBUTYLCHLORID� IN� EINEM� -/60%�2EAKTOR� DEMONSTRIERT
WERDEN��ÌUF� NA�CHEMISCH� PR�PARIERTEN� 3UBSTRATEN�WURDE� HOMOEPITAKTISCHES�'A3B� IM
-ULTIWAFER�-/60%�2EAKTOR�ABGESCHIEDEN�UND�ERFOLGREICH�P��UND�N�DOTIERT��$AS�-ATERIAL
ZEIGTE� MIT� DEN� BESTEN� ,ITERATURDATEN� VERGLEICHBARE� ELEKTRISCHE� UND� OPTISCHE
%IGENSCHAFTEN�� $IE� GR¦�TE� (ERAUSFORDERUNG� IM� "EREICH� DER� -/60%� VON� ÌNTIMONIDEN
STELLT� JEDOCH� DIE� ÌBSCHEIDUNG� ALUMINIUMHALTIGEN� -ATERIALS� DAR�� $A� DIE� 3TANDARD�
ÌLUMINIUMQUELLE� 4RIMETHYLALUMINIUM�HIERZU� NICHT� GEEIGNET� IST
�WURDEN� ZWEI�M¦GLICHE
ÌLTERNATIVSTOFFE�EINGESETZT�UND�MITEINANDER�VERGLICHEN��4RITERTI�RBUTYLALUMINIUM� 	44"ÌL
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UND� $IMETHYLETHYLAMINALAN� 	$-%ÌÌ
�� 7�HREND� 44"ÌL� EINE� SEHR� HOHE� 3AUERSTOFF�
6ERUNREINIGUNG�DES�-ATERIALS�VERURSACHTE
�KONNTE�MIT�$-%ÌÌ�ERSTMALIG� SOWOHL�P��ALS
AUCH� N�LEITENDES� 	ÌL'A
	ÌS3B
� IN� VERGLEICHSWEISE� GUTER� 1UALIT�T� IN� EINEM� -ULTIWAFER�
2EAKTOR� ABGESCHIEDEN� WERDEN�� $IESER� %RFOLG� WIRD� JEDOCH� ERKAUFT� DURCH� SCHWIERIGE
%PITAXIE�"EDINGUNGEN�BEIM�%INSATZ�DES�HOCHREAKTIVEN�$-%ÌÌ��6ERFR¬HTE�:ERLEGUNG�UND
HETEROGENE�6ORREAKTIONEN�MANIFESTIERTEN�SICH�DURCH�FOLGENDE�7ACHSTUMSEIGENSCHAFTEN�
EIN� NICHT�LINEARES� %INBAUVERHALTEN� DES� ÌLUMINIUMS
� ÌBSCHEIDUNG� VON� 6ORREAKTIONS�
PRODUKTEN� IM� %INLA�BEREICH� DES� 2EAKTORS
� EINE� STARKE� ÌBH�NGIGKEIT� DES� ÌLUMINIUM�
GEHALTES� VON� DER� 7ACHSTUMSTEMPERATUR� UND� 4R�GERGASGESCHWINDIGKEIT� SOWIE� EIN
UNSCHARFES� 3CHALTVERHALTEN� AN� 'RENZFL�CHEN�� $IE� BEOBACHTETEN� UNGEW¦HNLICHEN
%IGENSCHAFTEN� M¬SSEN� BEI� DER� 0LANUNG� VON� %PITAXIE�3TRUKTUREN� UND� "AUELEMENTEN
UNBEDINGT�BER¬CKSICHTIGT�WERDEN��$IE�WEITEREN�ÌRBEITEN�AUF�DIESEM�'EBIET�M¬SSEN�SICH
AUF� ZWEI� "EREICHE� KONZENTRIEREN�� %INERSEITS� MU�� DIE� 2EINHEIT� DER� METALLORGANISCHEN
ÌLUMINIUMQUELLEN� SEITENS� DER� (ERSTELLER� WEITER� VERBESSERT� WERDEN�� ÌU�ERDEM� IST� EINE
NOCH�WEITERGEHENDE�5NTERSUCHUNG�UND�6ERBESSERUNG�DES�-/60%�7ACHSTUMSPROZESSES
NOTWENDIG
� UM� DIE� -ATERIALQUALIT�T� NOCH� ZU� ERH¦HEN�� $IE� 5NTERSUCHUNGEN� SOLLTEN
ZUDEM� AUF� :USAMMENSETZUNGEN� AUSGEDEHNT� WERDEN
� DIE� GITTERANGEPA�T� ZU
)NDIUMPHOSPHID� SIND
�DA�HIER� EIN�GRO�ES� 0OTENTIAL� F¬R� NEUARTIGE�(ETEROSTRUKTUREN�UND
DIESBEZ¬GLICHE�ÌNWENDUNGEN�VORHANDEN�IST�

%IN� 3CHWERPUNKT� DER�MATERIALWISSENSCHAFTLICHEN� 5NTERSUCHUNGEN� WAR� DER� %INSATZ� VON
3ILIZIUM� ALS� ÌKZEPTORDOTANT� IN� 'A3B�� $ER� ERFOLGREICHE� %INSATZ� DIESES� %LEMENTES� ALS� P�
$OTANT� IN� DER� 'A3B�-/60%� KONNTE� ERST� VON� EINER� EINZIGEN� 'RUPPE� BERICHTET� WERDEN
;��=�UND�BEZ¬GLICH�DER�PHYSIKALISCHEN�%IGENSCHAFTEN�DES�ÌKZEPTORS�IST�NOCH�SEHR�WENIG
BEKANNT�� )M�2AHMEN�DIESER�$OKTORARBEIT�WURDE�DAHER�EINE�UMFASSENDE�5NTERSUCHUNG
DES� %INBAUVERHALTENS� BEI� %INSATZ� VON� 3ILAN� ALS� 1UELLENSUBSTANZ� DURCHGEF¬HRT�� $IE
ELEKTRISCHEN�%IGENSCHAFTEN�UND�DAS�+OMPENSATIONSVERH�LTNIS�WURDEN�¬BER�EINEN�WEITEN
$OTIERBEREICH�UNTERSUCHT��ÌUF�'RUNDLAGE�DER�VIELVERSPRECHENDEN�%RGEBNISSE�WURDE�EINE
GENAUE� 0HOTOLUMINESZENZ�5NTERSUCHUNG� 3ILIZIUM�DOTIERTEN� 'ALLIUMANTIMONIDS� DURCH�
GEF¬HRT�� %INE� BISLANG� KONTROVERSE� 0,�,INIE� BEI� ���� ME6� KONNTE� ERKL�RT� WERDEN� ALS
( )0

SbSi  e ��BERGANG
�DER�AUFGRUND�VON�3ILIZIUM�6ERUNREINIGUNGEN�DER�METALLORGANISCHEN

ÌUSGANGSSTOFFE� AUCH� IN� NOMINELL� UNDOTIERTEM� -ATERIAL� AUFTRETEN� KANN�� $AHER� IST� DIE
)DENTIFIZIERUNG� DES� BEOBACHTETEN� �BERGANGS� AUCH� F¬R� DIE� 0,�#HARAKTERISIERUNG� DER
-ATERIALREINHEIT� VON� 'A3B� WICHTIG�� &¬R� DIE� ÌNALYSE� WAR� DIE� "ER¬CKSICHTIGUNG� DER
0OTENTIALFLUKTUATIONEN�NOTWENDIG
� DIE� AUS� DER� INHOMOGENEN� ,ADUNGSDICHTE�6ERTEILUNG
IN� HOCHDOTIERTEN� TEILKOMPENSIERTEN�(ALBLEITERN� FOLGEN�� ÌUF� DIESER� "ASIS�WAR� ES� ZUDEM
M¦GLICH
� ALLE� 0,�,INIEN� IM� HOCHENERGETISCHEN� 4EIL� DES� 3PEKTRUMS� ZU� ERKL�REN�� $IE
ÌKTIVIERUNGSENERGIE� DES� 3ILIZIUM�ÌKZEPTORS� KONNTE� ZU� &" � 4.08.8 ± ME6� ABGESCH�TZT
WERDEN�� $IE� $OTIERUNG� MIT� 3ILIZIUM� RESULTIERTE� IM� 6ERGLEICH� ZU� NOMINELL� UNDOTIERTEN
3CHICHTEN� IN� VERBESSERTEN� -OBILIT�TEN
� VERRINGERTEN� +OMPENSATIONSVERH�LTNISSEN� UND
DEUTLICH� H¦HEREN� 0HOTOLUMINESZENZ�)NTENSIT�TEN�� :UK¬NFTIGE� 5NTERSUCHUNGEN� ZU� DEN
PHYSIKALISCHEN� %IGENSCHAFTEN� DES� 3ILIZIUM�ÌKZEPTORS� SOLLTEN� SICH� AUF� DEN� %INBAU�
MECHANISMUS�KONZENTRIEREN��$IE�.ATUR�DES�AUF�EINEM�STRUKTURELLEN�$EFEKT�BASIERENDEN
NAT¬RLICHEN� ÌKZEPTORS� IN� 'A3B� LEGT� NAHE
� DA�� EINE� EXTRINSISCHE� $OTIERUNG� MIT� EINEM
'RUPPE� )6�ÌKZEPTOR� DIE� "ILDUNG� DES� NAT¬RLICHEN�ÌKZEPTORS� UNTERDR¬CKEN� KANN�� $AMIT
ERG�BE� SICH� EINE� -¦GLICHKEIT
� DURCH� 7ASSERSTOFF�0ASSIVIERUNG� DES� 3ILIZIUM�ÌKZEPTORS
ERSTMALS�INSGESAMT�SEHR�NIEDRIG�DOTIERTES�'A3B�HERZUSTELLEN�UND�ZU�UNTERSUCHEN�

ÌUF� DEM� &UNDAMENT� DER� 'RUNDLAGENUNTERSUCHUNGEN� ZUM� -/60%�7ACHSTUM� DER
ÌNTIMONIDE� UND� ZUM� 3ILIZIUM�ÌKZEPTOR� WURDEN� ANSCHLIE�END� PHOTOVOLTAISCHE
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"AUELEMENTE� ENTWICKELT�� %INE� GRUNDLEGENDE� :ELLSTRUKTUR� WURDE� AUF� "ASIS� DER
-ATERIALDATEN� ENTWORFEN� UND� ABGESCHIEDEN�� %INE� GUTE� /BERFL�CHENPASSIVIERUNG� DES
-ATERIALS� ERWIES� SICH� ALS� UNERL��LICH� UND� KONNTE� DURCH� EINE� 	ÌL'A
	ÌS3B
�
À&ENSTERSCHICHTÁ� ERREICHT� WERDEN�� )NFOLGE� DER� VIELVERSPRECHENDEN� GRUNDLEGENDEN
%RGEBNISSE� ZUM� 3ILIZIUM�ÌKZEPTOR� WURDE� DIESES� %LEMENT� AUCH� IN� DEN� 3OLARZELLEN�
3TRUKTUREN�ALS�$OTIERSTOFF�EINGESETZT��$IE�INTERNEN�1UANTENEFFIZIENZEN�DER�"AUELEMENTE

DIE� ZU� TEILS� SEHR� GUTEN�7ERTEN� VON�MEHR� ALS� ����¬BER� EINEN�GRO�EN� 3PEKTRALBEREICH
ABGESCH�TZT� WERDEN� K¦NNEN
� BELEGEN� DIE� HOHE� -ATERIALQUALIT�T� 3I�DOTIERTEN� 'ALLIUM�
ANTIMONIDS� ¬BER� WEITE� $OTIERBEREICHE�� ÌUF� DER� 'RUNDLAGE� DER� UMFASSENDEN�MATERIAL�
WISSENSCHAFTLICHEN�5NTERSUCHUNGEN�ZUM�7ACHSTUM�ALUMINIUMHALTIGER�+RISTALLE� KONNTE
AUCH�EINE�	ÌL'A
	ÌS3B
�3OLARZELLE�	%GAP^����E6
�REALISIERT�WERDEN��$IESE�3OLARZELLE�IST�DAS
ERSTE�-/60%�GEWACHSENE�-INORIT�TEN�"AUELEMENT�MIT�	ÌL'A
	ÌS3B
�IM�AKTIVEN�"EREICH�
$ARAUF� AUFBAUEND� KONNTE� AUCH� ERSTMALIG� EINE� 'A3B�BASIERENDE� MONOLITHISCHE
	ÌL'A
	ÌS3B
�'A3B�4ANDEMZELLE� MITTELS� DER� -/60%� ABGESCHIEDEN� WERDEN
� DIE� JEDOCH
NOCH�WEITER�VERBESSERT�WERDEN�MU���(IER�SOLLTE�SICH�DIE�ZUK¬NFTIGE�ÌRBEIT�IN�ERSTER�,INIE
AUF� DIE� IN� DER� 3TRUKTUR� ENTHALTENE� 4UNNELDIODE� KONZENTRIEREN
� F¬R� DIE� DER� 4YP� ))"�
�BERGANG�ZWISCHEN�)NÌS�UND�'A3B�VON�)NTERESSE�IST��3CHLIE�LICH�WURDE�EINE�NEUE�+LASSE
'A3B�BASIERENDER� 3OLARZELLEN� ABGESCHIEDEN� UND� UNTERSUCHT
� DIE� AUF� EINEM� PN�
)FUFSP¬BERGANG� BASIEREN�� "EI� ERH¦HTER� ,EERLAUFSPANNUNG� LIEFERTE� EINE� P�'A3B�
N�	ÌL'A
	ÌS3B
�3TRUKTUR�DIE�GLEICHE�1UANTENEFFIZIENZ�WIE�EINE�ANALOGE�3OLARZELLE
�DIE�AUF
EINEM�KONVENTIONELLEN�HOMOEPITAKTISCHEN�PN��BERGANG�IN�'A3B�BERUHT��$IE�VERBESSERTE
3PANNUNG� WIRD� EINEM� VERRINGERTEN� 3�TTIGUNGSSTROM� ZUGESCHRIEBEN�� $IE� WEITERE
%NTWICKLUNG� VON� 3OLARZELLEN� MIT� ����� E6�ÌBSORBERMATERIALIEN� SOLLTE� SICH� DAHER� AUF
DIESEN� 3TRUKTURTYP� KONZENTRIEREN
� DER� AUCH� IN� ZUK¬NFTIGE� 4ANDEMZELLEN� EINGEBAUT
WERDEN�KANN�

)NSGESAMT� KONNTEN� DIE� AUF� DEN� 'EBIETEN� DES� +RISTALLWACHSTUMS� 	+APITEL� �
� UND� DER
0HOTOLUMINESZENZ�#HARAKTERISIERUNG� VON� 3I�DOTIERTEM� 'A3B� 	+APITEL� �
� GEWONNENEN
GRUNDLEGENDEN� WISSENSCHAFTLICHEN� %RKENNTNISSE� ERFOLGREICH� F¬R� DIE� %NTWICKLUNG
PHOTOVOLTAISCHER� "AUELEMENTE� 	+APITEL� �
� EINGESETZT� WERDEN��7EITERGEHENDE� ÌSPEKTE
F¬R�ANKN¬PFENDE�ÌRBEITEN�AUF�SOWOHL�GRUNDLEGENDEN�ALS�AUCH�ANGEWANDTEN�'EBIETEN
WURDEN�AUFGEZEIGT�
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0HOTOVOLTAIC� CELLS� BASED� ON� )))�6� SEMICONDUCTORS� CAN� ACHIEVE�MUCH� HIGHER� EFFICIENCIES
THAN� THEIR� SILICON� BASED� COUNTERPARTS�� $UE� TO� THE� HIGH� COSTS� OF� )))�6� SUBSTRATES
ECONOMICALLY� COMPETITIVE� TERRESTRIAL� APPLICATIONS� OF� )))�6� BASED� SOLAR� CELLS� INCLUDE
CONCENTRATING� SYSTEMS� WHERE� THE� AREA� OF� CELL� REQUIRED� FOR� A� GIVEN� POWER� OUTPUT� IS
NOTABLY�REDUCED��(ERE
�THE�COSTS�OF�THE�WHOLE�SYSTEM�ARE�DISPLACED�FROM�THE�CELLS�TO�THE
CONCENTRATING�ELEMENTS�	INCLUDING�TRACKING�SYSTEMS
�SO�THAT�SOPHISTICATED�)))�6�CELLS�WITH
MAXIMISED�EFFICIENCIES�CAN�BE�EMPLOYED�

/NE�OF�THE�MAIN�LOSS�MECHANISMS�IN�SOLAR�CELLS�IS�THE�THERMALISATION�OF�HOT�PHOTOEXCITED
CARRIERS� TO� THE� BAND� EDGES�� (IGHER� EFFICIENCIES� CAN� BE� ACHIEVED� WITH� MULTI�BAND� GAP
SYSTEMS��(ERE
�HIGH�ENERGY�PHOTONS� ARE� ABSORBED� IN� A�WIDE�BAND�GAP� SOLAR� CELL�WHILE
LOW�ENERGY� PHOTONS� ARE� TRANSMITTED� THROUGH� THE� MATERIAL�� Ì� SECOND� CELL� BASED� ON� A
LOWER�BAND�GAP�MATERIAL� IS� PLACED� BEHIND� THE� FIRST� ONE�� 4HIS� SECOND� CELL� CONVERTS� THE
LOWER�ENERGY� PHOTONS� INTO� ELECTRICITY�� 3UCH� A� PHOTOVOLTAIC� SYSTEM� IS� CALLED� A� ÀTANDEM
CELLÁ�� Ì� CORRESPONDING� DEVICE� 	THE� MONOLITHIC� 	'A)N
0�'AÌS�TANDEM� CELL
� IS� ALREADY� IN
COMMERCIAL�USE��4HE�EFFICIENCY�OF�SUCH�A�SYSTEM�CAN�BE�ENHANCED�EVEN�MORE�BY�FURTHER
INCREASING� THE� NUMBER� OF� CELLS� BASED�ON�DIFFERENT� BAND� GAPS�� 4HE� EFFICIENCY� GAIN� PER
ADDITIONAL� CELL� IS� REDUCED� WITH� EVERY� ADDED� DEVICE�� Ì� REASONABLE� TRADE�OFF� BETWEEN
EFFICIENCY�AND�TECHNOLOGICAL�EFFORT� IS�GIVEN�FOR�A�SYSTEM�BASED�ON�FOUR�CELLS��Ì�POSSIBLE
REALISATION�COULD�BE�A�	'A)N
0�'AÌS�TANDEM�CELL�WHICH�IS�MECHANICALLY�STACKED�ON�TOP�OF
A� SECOND� MONOLITHIC� TANDEM� CELL�� -ODELLING� SHOWS� THAT� THE� LATTER� DEVICE� SHOULD� BE
BASED� ON� THE� BAND� GAPS� �� E6� AND� ���� E6�� 4HESE� VALUES� SUGGEST� THE� MATERIAL
COMBINATION� 	ÌL'A
	ÌS3B
�'A3B� AS� PROMISING� CANDIDATE�� (OWEVER
� A� MONOLITHIC
	ÌL'A
	ÌS3B
�'A3B�TANDEM�CELL�STILL�REMAINS�TO�BE�SHOWN�

4HE�PRODUCTION�OF�SOPHISTICATED� LARGE�AREA� )))�6�DEVICES� 	E��G��PHOTOVOLTAIC�CELLS
�MAKES
THE� EMPLOYMENT� OF� INDUSTRIAL� SIZE� MULTIWAFER� -/60%� 	METALORGANIC� VAPOUR� PHASE
EPITAXY
� REACTORS� DESIRABLE�� (OWEVER
� THE� -/60%� GROWTH� OF� ANTIMONIDES� IS� A� RATHER
RECENT�FIELD��$UE�TO�THE�LOW�VOLATILITY�OF�ELEMENTAL�ANTIMONY�AND�THE�INSTABILITY�OF�STIBINE

THE� GROWTH� OF� 3B�CONTAINING� )))�6� SEMICONDUCTORS� IS� NOTABLY� DIFFERENT� AND� MUCH� LESS
STUDIED� COMPARED� TO� ARSENIDES� AND� PHOSPHIDES�� ÌS� A� RESULT
� A� 'A3B�BASED� -/60%�
GROWN� LASER� STRUCTURE� WAS� NOT� REPORTED� UNTIL� ������ )N� ADDITION
� T HE� COMPLEX� GROWTH
PROCESSES�IN�INDUSTRIAL�SIZE�MULTIWAFER�-/60%�REACTORS�REPRESENT�AN�ADDITONAL�CHALLENGE
FOR�THE�DEPOSITION�OF�HIGH�QUALITY�3B�CONTAINING�)))�6�COMPOUNDS�AND�DEVICE� STRUCTURES�

"ASED�ON�THE�ABOVE�CONSIDERATIONS
�THIS�THESIS�COVERS�A�WIDE�RANGE�OF�BOTH�FUNDAMENTAL
AND� APPLIED� ASPECTS�� 4HESE� INCLUDE� THE� COMPLEX� -/60%� GROWTH� OF� VARIOUS� )))�
ANTIMONIDES�AS�WELL�AS�THE�ELECTRONIC�AND�OPTICAL�PROPERTIES�OF�SILICON�DOPED�'A3B��4HE
CORRESPONDING� RESULTS� MADE� THE� DEVELOPMENT� OF� NOVEL� PHOTOVOLTAIC� DEVICE� STRUCTURES
POSSIBLE�	E��G��MONOLITHIC�	ÌL'A
	ÌS3B
�'A3B�TANDEM�CELLS
��4HE�PROPERTIES�OF�THE�RELATED
SOLAR�CELLS�ARE�ANALYSED�WITH�REGARD�TO�THE�RESULTS�ON�GROWTH�AND�MATERIAL�PROPERTIES�

#HAPTER���GIVES�A�BRIEF�SUMMARY�OF�FUNDAMENTAL�ASPECTS�OF�)))�6�SEMICONDUCTORS
�RELATED
CRYSTAL� GROWTH� TECHNIQUES� AND� THE� PECULIARITIES� OF� THE� ANTIMONIDE� MATERIAL� SYSTEM�
-OREOVER
�THE�BASIC�DEVICE�PROPERTIES�OF�SOLAR�CELLS�ARE�DESCRIBED��Ì�SIMPLIFIED�MODEL�FOR
PN�JUNCTIONS�WITH�AN�INCIDENT�LIGHT�SPECTRUM�IS�DERIVED��3UBSEQUENTLY
�THE�KEY�PROPERTIES
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OF� REAL� PHOTOVOLTAIC�DEVICES� ARE� INTRODUCED�AND� CHARACTERISTIC� )�6�CURVE�PARAMETERS� ARE
PRESENTED�� %VENTUALLY
�MULTIJUNCTION� DEVICES� ARE� DESCRIBED� AND� THE� RESULTS� OF� A� RELATED
BAND�GAP�VERSUS�EFFICIENCY�MODELLING�ARE�DEMONSTRATED�

#HAPTER� �� PRESENTS� THE� MAIN� EXPERIMENTAL� TECHNIQUES� THAT� HAVE� BEEN� USED� FOR� THIS
THESIS��)T�STARTS�WITH�A�SECTION�ON�THE�FUNDAMENTALS�OF�-/60%��4HE�EMPLOYED�REACTOR�IS
DESCRIBED� AND� A� FIRST� OVERVIEW� IS� GIVEN� CONCERNING� THE� PECULIARITIES� OF� THE�-/60%� OF
ANTIMONIDES�� 3UBSEQUENTLY
� THE� MAIN� CHARACTERISATION� METHODS� ARE� INTRODUCED�� (IGH�
RESOLUTION�8�RAY�DIFFRACTION�	(2�82$

�PHOTOLUMINESCENCE�	0,

�(ALL�EFFECT
�SURFACE�PHOTO
ABSORPTION�	30Ì

�AND�SECONDARY�ION�MASS�SPECTROSCOPY�	3)-3
�

#HAPTERS���TO���ARE�DEDICATED�TO�THE�RESULTS�OF�THIS�THESIS��7HILE�CHAPTER���DEALS�WITH�THE
ACTUAL� CRYSTAL� GROWTH
� CHAPTER� �� DESCRIBES� THE� RESULTS� CONCERNING� SILICON� AS� NOVEL
ACCEPTOR�DOPANT�IN�THE�-/60%�OF�ANTIMONIDES
�AND�CHAPTER���FOCUSES�ON�PHOTOVOLTAIC
DEVICES�

#HAPTER���BEGINS�WITH�A�GENERAL� INTRODUCTION�RELATED�TO�THE�-/60%�OF�ANTIMONIDES�� )N
SECTION� ���� CURRENT� POINTS� AT� ISSUE� CONCERNING� THE�-/60%� OF� ÌL�FREE� ANTIMONIDES� ARE
DISCUSSED
� SUCH� AS� SUBSTRATE� PREPARATION� AND� SUBSTRATE� ORIENTATION�� 4HE� ELECTRICAL� AND
OPTICAL�DATA�OF�THE�RELATED�MATERIAL�ARE�SHOWN�TO�BE�WELL�IN�LINE�WITH�THE�BEST�VALUES�IN
THE�LITERATURE��3ECTION�����DEALS�WITH�THE�-/60%�OF�ALUMINIUM�CONTAINING�MATERIALS��ÌS
THIS�FIELD�IS�STILL�ONE�OF�THE�MOST�DEMANDING�CHALLENGES�FOR�-/60%�GROWTH�NOWADAYS
�A
COMPREHENSIVE�INTRODUCTION�IS�GIVEN�FIRST��3UBSEQUENTLY
�THE�SUCCESSFUL�GROWTH�OF�HIGH�
QUALITY�P�� AND�N�TYPE� 	ÌL'A
	ÌS3B
� IN� A�MULTIWAFER�-/60%� REACTOR� IS� REPORTED� FOR� THE
FIRST� TIME�� 4WO� PROMISING� NOVEL� ÌL�PRECURSORS� 	TRITERTIARYBUTYLALUMINIUM� AND� DIMETHYL�
ETHYLAMINE�ALANE�ADDUCT
� �ARE�COMPARED�TO�EACH�OTHER��6ARIOUS�ASPECTS�OF� THE�GROWTH
PROCESS� AND� THE� RELATED� PROPERTIES� OF� THE� CRYSTALS� ARE� DISCUSSED� IN� DETAIL�� &INALLY
� A
SUMMARY� OF� THE� GROWTH� OF� ANTIMONIDES� IN� AN� INDUSTRIAL� SCALE� MULTIWAFER� PLANETARY
-/60%�REACTOR�IS�GIVEN�

#HAPTER� �� DEALS� WITH� SILICON� AS� NOVEL� ACCEPTOR� DOPANT� IN� THE� -/60%� OF� 'A3B�� 4HE
CHAPTER� PRESENTS� THE� INCORPORATION� BEHAVIOUR� AND� THE� ELECTRICAL� PROPERTIES�� 4HE
COMPENSATION� RATIO� IS� DETERMINED� FOR� VARIOUS�DOPING� LEVELS�� 4HE�0,�PROPERTIES�OF� NON�
INTENTIONALLY�DOPED�AND�SILICON�DOPED�'A3B�ARE�STUDIED��ÌLL�0,�PEAKS�IN�THE�HIGH�ENERGY
PART�OF�THE�SPECTRUM�CAN�BE�EXPLAINED�WITHIN�THE�CONCEPT�OF�POTENTIAL�FLUCTUATIONS�DUE
TO�THE�CHARGED�IMPURITY�DISTRIBUTION��4HE�OBSERVED�PROPERTIES�MAKE�THE�SILICON�ACCEPTOR
AN�INTERESTING�NOVEL�CANDIDATE�FOR�'A3B�BASED�DEVICE�APPLICATIONS�

#HAPTER� �� PRESENTS� DEVICE� RELATED� RESULTS�� 4HE� FABRICATION� TECHNOLOGY� IS� DESCRIBED� IN
DETAIL��3EVERAL�DEVICE�STRUCTURES�ARE�PRESENTED
�NAMELY�PN�HOMOJUNCTIONS�FOR�BOTH�'A3B
AND� 	ÌL'A
	ÌS3B

� PN�HETEROJUNCTIONS� AND� TANDEM� CELLS�� 4HE� IMPORTANCE� OF� SURFACE
PASSIVATION� BY� HIGH� BAND� GAP� WINDOW� LAYERS� IS� DEMONSTRATED�� 4HE� SILICON� ACCEPTOR
PROVES�TO�BE�BENEFICIAL�FOR�THE�DEVICE�PERFORMANCE�

#HAPTER���GIVES�AN�OVERALL� SUMMARY�AND�A�RELATED�OUTLOOK�� )N�ADDITION
�A�COLLECTION�OF
Ì&-�PICTURES�IS�GIVEN�IN�THE�ANNEX�CONCERNING�SUBSTRATES�AND�EPILAYER�MORPHOLOGIES�

0ARTS�OF�THIS�WORK�HAVE�ALREADY�BEEN�PUBLISHED�ELSEWHERE��#ORRESPONDING�REFERENCES�ARE
GIVEN�IN�THE�PUBLICATION�LIST�AT�THE�END�OF�THIS�WORK�
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)))�6� SEMICONDUCTORS� ARE� CRYSTALLINE� MATERIALS� WITH� THE� :N3�STRUCTURE� 	FIGURE� ���
�� 4HIS
STRUCTURE� CONSISTS� OF� TWO� INTER�PENETRATING� FACE� CENTRED� CUBIC� 	SUB�
LATTICES� WHICH� ARE
DISPLACED�FROM�EACH�OTHER�BY�A�TRANSLATION�ALONG�	 1

4
 1
4
 1

4
�

/NE� LATTICE� CONSISTS� OF� GROUP� )))�
� THE� OTHER� OF� GROUP� 6�ELEMENTS�� )N� CONTRAST� TO� THEIR
ELEMENTAL� GROUP� )6�COUNTERPARTS
� THESE� SO�CALLED� ÀCOMPOUND� SEMICONDUCTORSÁ� HAVE
PARTLY� IONIC�BONDS�DUE� TO� TRANSFER�OF�ELECTRONIC� CHARGE� FROM� THE�GROUP� )))� ATOM� TO� THE
GROUP�6�ATOM��4HEY�CAN�BE�BINARY�CRYSTALS�	SUCH�AS�GALLIUMARSENIDE
�OR�MIXTURES�ON�THE
RESPECTIVE� SUBLATTICES� 	SUCH�AS�GALLIUM�INDIUM�PHOSPHIDE�ARSENIDE
��ÌS� THEY�WILL� ALWAYS
CONSIST� OF�����GROUP� )))�� AND�����GROUP�6�ATOMS
� THE�USUAL� NOTATION�GIVES� ONLY� THE
COMPOSITION� WITH� REGARD� TO� THE� RESPECTIVE� SUBLATTICE� 	E�G�� 	ÌL ���'A���
ÌS
�� 4HE� BAND
STRUCTURE�OF�)))�6�SEMICONDUCTORS�CAN�BE�ÀENGINEEREDÁ�BY�CHANGING�THE�COMPOSITION�OF
THE�CRYSTAL�� &OR�EXAMPLE
�ADDING�ALUMINIUM�TO�'A3B� LEADS� TO�AN� INCREASE�OF� THE�DIRECT
BAND�GAP
�WHILE�A�TRANSITION�TO�AN�INDIRECT�BAND�GAP�OCCURS�AT�AROUND�	ÌL ���'A���
3B��4HE
BAND� GAPS� OF� BINARY� )))�6� SEMICONDUCTORS� AND� THEIR� TERNARY� MIXTURES� ARE� SHOWN� AS� A
FUNCTION�OF�THE�COMPOSITION�IN�FIGURE������7HILE�THE�LATTICE�CONSTANT�IS�A�LINEAR�FUNCTION
OF�THE�COMPOSITION�	À6EGARD¾S�LAWÁ

�THIS�DOES�NOT�HOLD�FOR�THE�BAND�GAP�ENERGY�

'JHVSF����� ;O4�DSZTUBM� TUSVDUVSF�� 5XP� JOUFS�QFOFUSBUJOH� GDD� MBUUJDFT� BSF� EJTQMBDFE� GSPN
FBDI�PUIFS�CZ�B�USBOTMBUJPO�BMPOH�	 1

4
 1
4
 1

4
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UIF�PUIFS�PG�HSPVQ�7�FMFNFOUT�
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-OST� DEVICES� BASED� ON� )))�6� SEMICONDUCTORS� CONSIST� OF� EPITAXIAL� STRUCTURES� GROWN� ON
BINARY� SUBSTRATE� CRYSTALS� 	SEE� AS� WELL� SECTION� �����
�� 4HE� MOST� COMMON� SUBSTRATE
MATERIALS�ARE�'AÌS�AND�)N0��&OR�SOME�APPLICATIONS�MORE�EXOTIC�SUBSTRATES�ARE�USED�SUCH
AS�'E
�'A0
�'A3B
�)NÌS�OR�)N3B��ÌS�LATTICE�MATCHED�GROWTH�IS�IMPORTANT�IN�ORDER�TO�AVOID
STRUCTURAL� DEFECTS
� ONLY� CRYSTAL� COMPOSITIONS�WITH� IDENTICAL� LATTICE�CONSTANTS� ARE� USUALLY
GROWN� ONTO� EACH� OTHER�� 7HILE� TERNARY� CRYSTALS� ARE� LIMITED� TO� ONE� PARTICULAR� LATTICE�
MATCHED� COMPOSITION� 	E�� G�� 	'A ����)N����
ÌS�)N0

� QUATERNARY� MIXTURES� PROVIDE� AN� EXTRA
DEGREE�OF� FREEDOM�	E��G�� 	'A)N
	0ÌS
�)N0
��(ERE
�A�WHOLE� RANGE�OF�DIFFERENT�BAND�GAPS
CAN� BE� REALISED� FOR� A� FIXED� LATTICE� CONSTANT�� ÌN� EXCEPTION� IS� THE� MATERIAL� SYSTEM
ÌLÌS�'AÌS� WHERE� THE� LATTICE� CONSTANTS� ARE� SO� SIMILAR� TO� EACH� OTHER� THAT� ALL� TERNARY
COMPOSITIONS�OF�	ÌL'A
ÌS�CAN�BE�GROWN�ON�'AÌS�AS�SUBSTRATE�MATERIAL�

-ODERN� DEVICE� STRUCTURES� CONSIST� OF� MANY� DIFFERENT� LATTICE�MATCHED� MATERIALS� GROWN
ONTO�EACH�OTHER��4HEIR�PARTICULAR�PROPERTIES�CAN�VARY� IN�MANY� RESPECTS
�E��G��BAND�GAP
AND�DOPING��)N�ADDITION
�INTENTIONAL�STRAIN�CAN�BE�USED�TO�ALTER�THE�BAND�STRUCTURE�IN�THE
VALENCE�BAND
� THE�BAND�ALIGNMENT� FOR�HETEROSTRUCTURES� CAN�VARY� CONSIDERABLY�AND�VERY
THIN�FILMS�CAN�BE�GROWN�THAT�EVEN�SHOW�QUANTUM�EFFECTS��4HESE�FEATURES�FORM�THE�BASIS
OF� ALL� MODERN� OPTO�ELECTRONIC� DEVICES�� &OR� FURTHER� INFORMATION
� THERE� ARE� VARIOUS
EXCELLENT�TEXTBOOKS�ON�THIS�SUBJECT�SUCH�AS� ;��
���
����=�

7ITH� RESPECT� TO� THE� OPTO�ELECTRONIC� DEVICE� ÀSOLAR� CELLÁ
� THE�MAJOR� DIFFERENCE� BETWEEN
ELEMENTAL� GROUP� )6�SEMICONDUCTORS� 	E�� G�� SILICON
� AND� )))�6� SEMICONDUCTORS� IS� THAT� THE
FIRST�ARE�INDIRECT�WHILE�THE�LATTER�ARE�OFTEN�DIRECT�MATERIALS��(ENCE
�THE�ABSORPTION�DEPTH
FOR� LIGHT� IS�NOTABLY�DIFFERENT�� )))�6�DEVICES�HAVE�THE�EXTRA�ADVANTAGE�THAT�COMPLEX�HIGH�
EFFICIENCY�MULTIJUNCTION�STRUCTURES�CAN�BE�REALISED�	SEE�SECTION������
��/N�THE�OTHER�HAND
SILICON�HAS�A�MUCH�LOWER�PRICE�AND�BETTER�AVAILABILITY��4HE�PRESENT�THESIS�WILL�FOCUS�ON�3B�
CONTAINING�)))�6�SEMICONDUCTORS�FOR�SOLAR�CELL�APPLICATIONS�
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4HE� CRYSTAL� GROWTH� OF� )))�6� COMPOUND� SEMICONDUCTORS� CAN� BE� CATEGORISED� INTO� ÀBULK
CRYSTAL� GROWTHÁ�� AND� ÀEPITAXIAL� CRYSTAL� GROWTHÁ�TECHNIQUES�� 6ERY� GOOD� SUMMARIES� ON
THIS�SUBJECT�CAN�BE�FOUND�IN� ;��=�AND� ;���=��Ì�CORRESPONDING�OVERVIEW�WILL�BE�GIVEN�IN
THE�FOLLOWING�

4HE� AIM�OF� THE� BULK� GROWTH� IS� TO� PRODUCE� LARGE� INGOTS�WHICH� CAN� THEN� BE� SLICED� AND
PROCESSED� INTO�SUBSTRATES��4HE� TWO�MAIN�BULK�GROWTH� TECHNIQUES�ARE� THE�À#ZOCHRALSKI
METHODÁ� AND� THE� À"RIDGMAN�METHODÁ�� 4HE� #ZOCHRALSKI�METHOD� INVOLVES�MELTING� THE
RAW�MATERIAL�IN�A�CRUCIBLE�AND�THEN�PLACING�A�SEED�CRYSTAL�IN�CONTACT�WITH�THE�MELT��7HILE
THE� SEED� IS� SLOWLY� ROTATED
� THE�MELT� SURFACE� COOLS� AND� ADDITIONAL�MATERIAL� IS� SOLIDIFIED
FROM� THE� MELT� ONTO� THE� SEED�� ÌS� ARSENIC� AND� PHOSPHORUS� HAVE� VERY� HIGH� VAPOUR
PRESSURES�AT� THE�MELTING� TEMPERATURES�OF� THE�COMPOUNDS
� THEY� TEND� TO� LEAVE� THE�MELT
AND�CONDENSE�ON�THE�SIDEWALLS��4HEREFORE�THE�#ZOCHRALSKI�METHOD�IS�USUALLY�MODIFIED�FOR
)))�6�GROWTH�BY� ISOLATING� THE�MELT� FROM� THE�AIR� BY� A� LAYER�OF�MOLTEN� BORON�OXIDE�� 4HIS
MATERIAL� FLOATS� ON� THE� SURFACE� AND� PREVENTS� THE� VOLATILE� ELEMENTS� FROM� ESCAPING�� 4HIS
MODIFICATION� OF� THE� #ZOCHRALSKI� METHOD� IS� CALLED� À,%#�METHODÁ� 	,IQUID�%NCAPSULATED
#ZOCHRALSKI�METHOD
�� )N�THE�"RIDGMAN�METHOD�A�TEMPERATURE�GRADIENT�IS�CREATED�ALONG
THE� LENGTH� OF� A� STATIONARY� BOAT�WHICH� CONTAINS� THE�MOLTEN�MATERIAL�� 4HE� TEMPERATURE
AROUND� THE� SEED� CRYSTAL� IS� HELD�BELOW� THE�MELTING�POINT� TO� FORM� THE� CRYSTAL��ÌLL� THESE
BULK�CRYSTAL�GROWTH�TECHNIQUES�ARE�REASONABLY�MATURED�FOR�'AÌS�AND�)N0�WHILE�IT�IS�STILL
DIFFICULT�TO�OBTAIN�HIGH�QUALITY�MATERIAL�FOR�MOST�OTHER�COMPOUND�SEMICONDUCTORS��(ERE

ESPECIALLY� THE� SURFACE� TREATMENT� FOR� SUBSEQUENT� EPITAXIAL� PROCESSES� IS� PROBLEMATIC�
2ECENT�EFFORTS�ALSO�INCLUDE�THE�GROWTH�OF�TERNARY�MATERIALS�FOR�SUBSTRATE�PURPOSES� ;���=�

)N�EPITAXIAL�TECHNIQUES
�AN�EPITAXIAL�LAYER�	OR�ÀEPILAYERÁ
�IS�SUBSEQUENTLY�GROWN�ONTO�THE
SUBSTRATE��4HE�WORD�ÀEPITAXYÁ�COMES�FROM�THE�'REEK�WORDS�ÀEPIÁ�	��UPON
�AND�ÀTAXISÁ
	��ORDERED
�AND�DESCRIBES� THE�ORDERED�CONTINUATION�OF� THE�UNDERLYING� SUBSTRATE� CRYSTAL
STRUCTURE�� 4HE�MAIN� EPITAXIAL� TECHNIQUES� ARE� À,IQUID� 0HASE� %PITAXY� 	,0%
Á
� À-OLECULAR
"EAM�%PITAXY�	-"%
Á�AND�À6APOUR�0HASE�%PITAXY�	60%
Á��)N�,0%
�USUALLY�A�GROUP�)))�METAL
IS�USED�AS� SOLVENT� FOR� THE�GROUP�6�ELEMENT��7HEN�A� SUBSTRATE� IS�BROUGHT� INTO�CONTACT
WITH�THE�LIQUID�PHASE�AND�THE�SOLVENT�GETS�SUPERSATURATED�WITH�THE�GROUP�6�ELEMENT�BY
COOLING
�THE�NUCLEATION�OF�THE�CRYSTAL�STARTS�ON�THE�SUBSTRATE�SURFACE��#ONSEQUENTLY
�THIS
IS� A� TECHNIQUE� CLOSE� TO� EQUILIBRIUM�WHERE� IT� IS� DIFFICULT� TO� GROW� HETEROSTRUCTURES�WITH
ABRUPT�INTERFACES��ÌS�IT�IS�QUITE�INEXPENSIVE
�MANY�RELATIVELY�UNCOMPLICATED�DEVICES�SUCH
AS� 	ÌL'A
ÌS� DOUBLE� HETEROSTRUCTURE� LASERS� AND� ,%$S� ARE� STILL� GROWN�WITH� ,0%�� )N�-"%

CRUCIBLES�CONTAINING�ELEMENTAL�CHARGES�ARE�HEATED�IN�AN�ULTRA�HIGH�VACUUM�ENVIRONMENT
	5(6
�^������ TORR
�� 4HIS� CREATES�A�MOLECULAR�OR�ATOMIC�BEAM�OF� THE�ELEMENTS� FROM� THE
CRUCIBLES�TO�THE�HEATED�SUBSTRATE�SURFACE�WHERE�EPITAXIAL�GROWTH�TAKES�PLACE��3INCE�THE
MOLECULES�CAN�TRAVEL� FOR�METERS�WITHOUT�COLLISION�AND�NO�CHEMICAL� REACTIONS�OCCUR
� THIS
METHOD�IS�CONCEPTUALLY�SIMPLE�AND�VERY�POWERFUL�WITH�REGARD�TO�HETEROSTRUCTURE�PHYSICS�
(OWEVER
�THERE�ARE�STILL�PROBLEMS�WITH�CERTAIN�MATERIALS�	E��G��PHOSPHIDES�AND� NITRIDES
�
)N�60%�TECHNIQUES�THE�PRESSURES�ARE�MUCH�HIGHER��(ERE
�GASES�THAT�CONTAIN�THE�NECESSARY
CHEMICAL� ELEMENTS� ARE� DELIVERED� FROM� A� GASEOUS� ENVIRONMENT� AND� MADE� TO� REACT
CHEMICALLY� IN� THE� VICINITY� OF� THE� SUBSTRATE�� Ì� TYPICAL� EXAMPLE� FOR� THIS� TECHNIQUE� IS� THE
GROWTH�OF�SILICON�ACCORDING�TO� 24 2HSiSiH +→ ��7HILE�THIS�TECHNIQUE�IS�MAINLY�USED�FOR
HOMOEPITAXIAL�GROWTH�OF�HIGH�PURITY�MATERIALS
�A� RELATED�BUT�MUCH�MORE� SOPHISTICATED
METHOD� IS� USED� FOR� )))�6� � HETEROSTRUCTURES�� THE� À-ETALORGANIC� 6APOUR� 0HASE� %PITAXY
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	-/60%
Á��(ERE
�THE�60%�PROCESS�IS�BASED�ON�GASEOUS�METALORGANIC�COMPOUNDS��ÌS�THIS
TECHNIQUE� WAS� EMPLOYED� FOR� THE� GROWTH� OF� )))�ANTIMONIDES� IN� THE� PRESENT� THESIS
� A
DETAILED�DESCRIPTION�WILL�BE�GIVEN�IN�SECTION�����

����� .BUFSJBMT�BOE�EFWJDFT�CBTFE�PO�(B4C

)))�ANTIMONIDES�HAVE� LARGER� LATTICE� CONSTANTS� AND� SMALLER� BAND�GAPS� THAN� THEIR� ARSENIC�
AND�PHOSPHORUS�BASED�COUNTERPARTS� 	FIGURE����
��ÌPART� FROM� THESE�OBVIOUS�DIFFERENCES
THEY� ALSO� HAVE� MANY� MORE� INTERESTING� PECULIARITIES�� &OR� EXAMPLE
� THE� ,�VALLEY� IN� THE
CONDUCTION�BAND�OF�'A3B� IS�ONLY�APPROXIMATELY������E6�ABOVE� THE� Γ �VALLEY� ;��=
�NOT�
INTENTIONALLY�DOPED�'A3B�IS�ALWAYS�HIGHLY�P�TYPE�DUE�TO�A�NATIVE�STRUCTURAL�DEFECT
�ÌL3B
IS� OPU� LATTICE�MATCHED� TO� 'A3B� IN� CONTRAST� TO� THE� 'AÌS�ÌLÌS�SYSTEM
�MIXTURES� ON� THE
GROUP�6� SUBLATTICE�HAVE� LARGE� MISCIBILITY�GAPS
� AND�ÌUGER� RECOMBINATION� IS� SIGNIFICANT�
#OMPARED�TO�ARSENIDES�AND�PHOSPHIDES
�GROWTH�AND�DEVICE�PROCESSING�TECHNOLOGY�IS�IN
ITS�INFANCY��ÌT�PRESENT
�THE�ONLY�ANTIMONIDE�BASED�DEVICES�IN�LARGE�SCALE�COMMERCIAL�USE
ARE�(ALL��AND�MAGNETORESISTIVE�SENSORS�BASED�ON�)N3B� ;���
����=�WITH�ITS�EXTRAORDINARILY
HIGH�ELECTRON�MOBILITY�

4HE� GROWTH� OF� ANTIMONIDES� IS� DIFFICULT� DUE� TO� THE� LOW� VAPOUR� PRESSURE� OF� ANTIMONY
SPECIES��4HIS�IS�ILLUSTRATED�BY�THE�FOLLOWING�CONSIDERATIONS��)F�THE�ARSENIC�PRESSURE�DURING
THE�GROWTH�OF�'AÌS�GETS�VERY�HIGH
�A�SECOND�CONDENSED�PHASE�	 ( ) ( )sAssGaAs + 
�CAN�IN
THEORY�BE�FORMED�	;��=
�FIG������
��4HE�CORRESPONDING�ARSENIC�PRESSURE�FOR�THE�FORMATION
OF�THE�SECOND�PHASE�IS�APPROXIMATELY�EQUAL�TO�THE�ARSENIC�PRESSURE�OVER�PURE�ELEMENTAL
ARSENIC�AND�CLEARLY�EXCEEDS���BAR�AT�TYPICAL�GROWTH�TEMPERATURES��$UE�TO�THIS�HIGH�VALUE
THE� ( ) ( )sAssGaAs + �PHASE� WILL� NEVER� OCCUR� IN� TYPICAL� CONDITIONS� OF� EPITAXIAL� GROWTH
TECHNIQUES�� )N� CONTRAST
� FOR� 'A3B� THE� CORRESPONDING� PRESSURE� OF� THE� LESS� VOLATILE
ANTIMONY� OVER� PURE� ELEMENTAL� ANTIMONY� WILL� BE� BELOW� ���� MBAR� 	 ;��=
� FIG�� �
� AND� A

( ) ( )sSbsGaSb + �PHASE� MAY� WELL� BE� EXPERIMENTALLY� OBSERVED�� 4HE� RANGE� OF� SUITABLE
GROWTH�PARAMETERS�FOR�STOICHIOMETRIC�GROWTH�OF�ANTIMONIDES�IS�THEREFORE�RATHER�NARROW�

$ESPITE� THE� ABOVE� DIFFICULTIES� THE� ANTIMONIDES� ARE� SUBJECT� TO� RENEWED� INTEREST� DUE� TO
THEIR� MANY� POTENTIAL� APPLICATIONS� IN� NOVEL� DEVICES�� 4HESE� INCLUDE� LOW�BAND� GAP
PHOTOVOLTAIC�CELLS�AS�WELL�AS�INFRARED�EMITTERS�AND�DETECTORS�	SEE�SECTION������
��7HILE�A
WIDE� VARIETY� OF� DIRECT� AND� INDIRECT� MATERIALS� CAN� BE� GROWN� ON� 'A3B� AND� )NÌS� AS
SUBSTRATES
� THE�MOST�PROMISING�SUGGESTIONS�WITH�RESPECT� TO�COMMERCIAL�APPLICATION�ARE
BASED�ON�)N0��ÌS�BOTH�'A	ÌS3B
�AND�ÌL	ÌS3B
�CAN�BE�GROWN�LATTICE�MATCHED�TO�)N0
�THE
LARGE�DIFFERENCE�BETWEEN�THEIR�REFRACTIVE�INDICES�	^����FOR�'A3B�ÌL3B
�REF��������IN� ;��=

CAN�BE�USED�FOR�THE�GROWTH�OF�HIGH�REFLECTIVITY�"RAGG�MIRRORS�WITH�A�REDUCED�NUMBER�OF
PERIODS� COMPARED� TO� THE� 	'A)N
	0ÌS
�SYSTEM��-OREOVER
� 	ÌS3B
�COMPOUNDS� HAVE� BEEN
SUGGESTED�FOR�VERY�FAST� TRANSISTORS��(OWEVER
� THE�CORRESPONDING�ÌS�3B�RATIOS�ARE� IN� THE
CENTRE� OF� RELATED� MISCIBILITY� GAPS� FOR� THE� MATERIALS�� #ONSEQUENTLY
� THEY� CAN� ONLY� BE
GROWN�WITH�EPITAXIAL�TECHNIQUES�THAT�WORK�FAR�FROM�THERMODYNAMICAL�EQUILIBRIUM�	E��G�
-"%
�-/60%
��%VEN�HERE
�PHASE�SEPARATION�EFFECTS�MUST�BE�EXPECTED�AND�THE�RANGE�OF
SUITABLE�GROWTH�PARAMETERS�IS�NARROW�	E��G�� ;��=
�

&OR�FURTHER�READING�VERY�GOOD�REVIEW�ARTICLES�EXIST� IN�THE� LITERATURE
�SUCH�AS� ;��=�ON�THE
PHYSICS� OF� 'A3B
� ;��=� ON� DEVICE� RELATED� PROPERTIES� OF� 'A3B
� AND� ;�=� ON� THE� -/60%�
GROWTH�OF�ANTIMONIDES�
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Ì� PHOTOVOLTAIC� CELL� IS� BASICALLY� A� LARGE� AREA� PN�JUNCTION�� )N� ORDER� TO� UNDERSTAND� THE
INTERNAL� OPERATION� OF� SUCH� A�DEVICE
� THE� SPATIAL� DISTRIBUTION� OF� THE� IMPORTANT� ELECTRICAL
QUANTITIES�MUST�BE�DESCRIBED�BY�A�SET�OF�FIVE�EQUATIONS� ;��=�
� 0OISSON¾S�EQUATION
�ONE�OF�-AXWELL¾S�EQUATIONS
�IS�THE�DIFFERENTIATED�FORM�OF�'AUSS¾S

LAW�AND�RELATES�THE�DIVERGENCE�OF�THE�ELECTRIC�FIELD�TO�THE�SPACE�CHARGE�DENSITY�
� 4WO�CURRENT�DENSITY�EQUATIONS
�ONE�FOR�ELECTRONS�AND�ONE�FOR�HOLES
�DESCRIBE�THE�TOTAL

CURRENT� DENSITY� RELATED� TO� ELECTRIC� FIELDS� 	I�E�� DRIFT� CURRENTS
� AND� CONCENTRATION
GRADIENTS�	I��E���DIFFUSION�CURRENTS
��5NDER�CERTAIN�CONDITIONS�	 ;��=
�P�����
�MOBILITIES
AND�DIFFUSION�CONSTANTS�ARE�RELATED�THROUGH�THE�%INSTEIN�RELATIONSHIPS�

� 4HE� TWO� CONTINUITY� EQUATIONS� ARE� ÀBOOKKEEPINGÁ� EQUATIONS� THAT� CONSIDER� THE
GENERATION�AND�RECOMBINATION�OF�ELECTRONS�AND�HOLES�

4HESE� EXPRESSIONS� FORM� A� COUPLED� SET� OF� NONLINEAR� DIFFERENTIAL� EQUATIONS�� )T� IS� NOT
POSSIBLE� TO� FIND� A� RELATED� GENERAL� ANALYTICAL� SOLUTION�� (OWEVER
� REASONABLE
APPROXIMATIONS� CAN� GIVE� VALUABLE� SOLUTIONS�� )N� THIS� CONTEXT
� A� WIDELY� USED� MODEL� TO
DESCRIBE�PN�JUNCTIONS�IS�THE�3CHOTTKY�MODEL�WHICH�WILL�BE�DESCRIBED�IN�THE�FOLLOWING�

7HEN�A�P�TYPE�SEMICONDUCTOR�IS�IN�DIRECT�CONTACT�WITH�A�CORRESPONDING�N�TYPE�MATERIAL

THE�CONSTANT�&ERMI�LEVEL�THROUGHOUT�THE�WHOLE�STRUCTURE� IN�THERMODYNAMIC�EQUILIBRIUM
MEANS�THAT�THERE�MUST�BE�A�POTENTIAL�CHANGE�IN�THE�TRANSITION�REGION�NEAR�THE�JUNCTION�
0OISSON¾S� EQUATION� SAYS� THAT� THIS� POTENTIAL� CHANGE� IS� RELATED� TO� A� SPACE� CHARGE�� 4HIS
SPACE� CHARGE� ARISES� FROM� A� DIFFUSION� OF� MAJORITY� CARRIERS� INTO� THEIR� MINORITY� REGIONS�
4HERE
� THEY� RECOMBINE�WITH� THE�OTHER� CARRIER� TYPE�AND� THE� RESULTING� CONCENTRATIONS�OF
MOBILE� CARRIERS� ARE� NEGLIGIBLE�� THE� REGION� AROUND� THE� JUNCTION� BECOMES� A� SO�CALLED
ÀDEPLETION�REGIONÁ��4HE�MAIN�CONTRIBUTION�TO�THE�SPACE�CHARGE�DENSITY�COMES�FROM�THE
IONIZED� DOPANTS�� 4HE� ELECTRIC� FIELD� ASSOCIATED� WITH� THE� SPACE� CHARGE� COUNTERACTS� THE
DIFFUSION�AND�A�STABLE�SITUATION�ARISES��4HE�POTENTIAL�CHANGE� IS�USUALLY�CALLED�ÀDIFFUSION
VOLTAGE� 6$Á� AND� IS� DETERMINED� DIRECTLY� THROUGH� THE� POSITION� OF� THE� &ERMI� LEVEL� IN� THE
QUASI�NEUTRAL�REGIONS�FAR�FROM�THE�JUNCTION�

4HE� USUAL� APPROXIMATION� TO� DESCRIBE� A� PN�JUNCTION� IS� THE� SO�CALLED� ÀDEPLETION
APPROXIMATIONÁ�OR�À�3CHOTTKY�MODELÁ
�WHERE
� A�CONSTANT�SPACE�CHARGE�IS�ASSUMED�WITHIN�THE�DEPLETION�REGION

� THE�CORRESPONDING�SPACE�CHARGE�IS�GIVEN�BY�THE�DENSITY�OF�IONIZED�IMPURITIES
� AND
� THE�TRANSITION�BETWEEN�THE�DEPLETION�REGION�AND�THE��QUASI�NEUTRAL�REGIONS�IS�ABRUPT�
4HE�ELECTRIC�FIELD�AND�THE�POTENTIAL�DISTRIBUTION�ACROSS�THE�JUNCTION�CAN�NOW�BE�CALCULATED
;��=�� )MPORTANT�RESULTS�ARE�THE�MAGNITUDE�OF�THE�BUILT�IN�POTENTIAL�6 $�AND�THE�WIDTH�OF
THE�DEPLETION�REGION�7$ �
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)T�IS�NOW�IMPORTANT�TO�DERIVE�THE�)�6�CURVE�OF�THE�BIASED�JUNCTION��Ì�QUALITATIVE�OVERVIEW
CAN�PROVIDE�A� FIRST� INSIGHT��ÌT�ALL� TIMES
� THERE�WILL�BE�A� THERMAL�GENERATION�OF�MINORITY
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CARRIERS��)F�THESE�DIFFUSE�TO�THE�JUNCTION�THEY�WILL�BE�SWEPT�INTO�THE�OTHER�REGION�BY�THE
ELECTRIC� FIELD�� 4HIS� IS� THE� SO�CALLED�ÀGENERATION� CURRENTÁ�OR� ÁDRIFT� CURRENTÁ� �� )N� THERMAL
EQUILIBRIUM
� THIS� CURRENT� WILL� BE� COMPENSATED� BY� A� ÀRECOMBINATION� CURRENTÁ� 	OR
ÀDIFFUSION�CURRENTÁ
�OF�HIGH�ENERGETIC�MAJORITY�CARRIERS�THAT�CAN�OVERCOME�THE�POTENTIAL
BARRIER� AND� RECOMBINE� AS� MINORITY� CARRIERS� WITH� MAJORITY� CARRIERS� IN� THE� OTHER� REGION�
7HILE�THE�GENERATION�CURRENT�WILL�NOT�BE�INFLUENCED�BY�AN�APPLIED�EXTERNAL�VOLTAGE�	 ;��=
P�����

�THE�RECOMBINATION�CURRENT�DEPENDS�STRONGLY�ON�THE�MAGNITUDE�OF�THE�POTENTIAL
BARRIER�AND�WILL�BE�AN�EXPONENTIAL�FUNCTION�OF�THE�APPLIED�VOLTAGE�

ÌN� APPLIED� VOLTAGE� IS� DEFINED� AS� POSITIVE� WHEN� THE� POSITIVE� CONTACT� OF� THE� SOURCE� IS
CONNECTED� TO� THE�P�REGION�OF� THE� DIODE�� 3UCH� A� POSITIVE� VOLTAGE� 	ÀFORWARD� BIASÁ
�WILL
LOWER� THE� POTENTIAL� BARRIER� AND� ALLOW� A� CORRESPONDING� INCREASE� OF� THE� RECOMBINATION
CURRENT�� 4HE� RELATED� CARRIERS�WILL� RECOMBINE�WITH�MAJORITY� CARRIERS� IN� THE� OTHER� REGION�
4HE�MINORITY�CURRENTS�HAVE�THEIR�MAXIMUM�VALUES�AT�THE�EDGES�OF�THE�DEPLETION�REGION
BUT�CAN�SPREAD�WIDELY� INTO� THE�QUASI�NEUTRAL� REGIONS�� THIS� IS�AN� IMPORTANT�DESIGN� ISSUE
FOR�EXAMPLE� FOR�,%$S� 	SEE�P������AND� FIG������ IN� ;��=
�� )F� A�NEGATIVE� VOLTAGE� IS�APPLIED
	ÀREVERSE�BIASÁ
� THE�POTENTIAL� BARRIER� INCREASES� AND�EVENTUALLY� THE� TOTAL� CURRENT�WILL� BE
DETERMINED� BY� THE� GENERATION� CURRENT�� ÌS� THE� GENERATION� CURRENT� IS� THE� MAXIMUM
POSSIBLE�CURRENT�IN�REVERSE�BIAS
�IT�IS�FREQUENTLY�AS�WELL�DENOTED�AS�SATURATION�CURRENT�

4HE� ABOVE� QUALITATIVE� DESCRIPTION� CAN� BE� EXPRESSED� MATHEMATICALLY� BY� THE� 3HOCKLEY
EQUATION�� (ERE
� AN� IDEAL� SITUATION� IS� DESCRIBED� WHICH� NEGLECTS� GENERATION� AND
RECOMBINATION�EFFECTS�IN�THE�DEPLETION�REGION��)N�PHOTOVOLTAICS
�THE�3HOCKLEY�EQUATION�IS
OFTEN�REFERRED�TO�AS�THE�ONE�DIODE�MODEL�
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4HE� INDEX� ÀDÁ� STANDS� FOR� ÀDARKÁ� BECAUSE� NO� PHOTOGENERATED� CURRENT� HAS� BEEN
CONSIDERED�UP�TO�THIS�POINT��4HE�CONSTANT� *��IS�THE�SATURATION�	����GENERATION�����DRIFT

CURRENT�MENTIONED�ABOVE�WHICH�IS�OFTEN�AS�WELL�TERMED�ÀDARK�ÀCURRENT��.ATURALLY
�BOTH
CARRIER� TYPES� HAVE� TO� BE� CONSIDERED� FOR� A� COMPLETE� ANALYSIS� 	 ;��=
� P�� ���
�
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4HE� MINORITY� CARRIER� CONCENTRATIONS� AT� THE� EDGES� OF� THE� DEPLETION� REGION� AND� THE
RESULTING� MINORITY� CARRIER� DIFFUSION� CURRENTS� CAN� BE� CALCULATED�� ÌS� DIFFUSION� 	���
RECOMBINATION
�CURRENTS�DETERMINE�ALL� CURRENT� FLOW�ASSOCIATED�WITH�AN�APPLIED�EXTERNAL
VOLTAGE
� THE� )�6�CURVE� OF� THE� PN�JUNCTION� CAN� AS� WELL� BE� EXPRESSED� IN� TERMS� OF� THE
DIFFUSION� CURRENTS�� Ì� COMPARISON� OF� THE� RESULTING� EXPRESSION�WITH� THE� ABOVE� EQUATION
GIVES�THE�SATURATION�	����GENERATION�����DRIFT
�CURRENT�IN�TERMS�OF�MATERIAL�PARAMETERS
	;��=
�P�����
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WHERE�"�IS�CROSS�SECTIONAL�AREA�OF�THE�DIODE
�%F�AND�%I�ARE�THE�DIFFUSION�COEFFICIENTS�OF
THE�MINORITY�CARRIERS
�-F�AND�-I�ARE�THE�DIFFUSION�LENGTHS�OF�THE�MINORITY�CARRIERS
� /"�AND
/%� ARE� THE� ACCEPTOR� AND� DONOR� CONCENTRATIONS
� AND� OJ� IS� THE� INTRINSIC� CARRIER
CONCENTRATION�� 4HE� FACTOR� 2

in � MEANS� THAT� THE� SATURATION� CURRENT� WILL� INCREASE

EXPONENTIALLY�WITH�DECREASING�BAND�GAP�ENERGY�OF�THE�MATERIAL�

7ITHOUT�PROOF
�THE�)�6�CURVE�OF�A�PN�DIODE�WHEN� JMMVNJOBUFE�CAN�BE�WRITTEN�AS�
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(ERE
�*��IS�AGAIN�THE�ABOVE�SATURATION�CURRENT��4HE�PHOTOGENERATED�CURRENT� *-�IS�GIVEN�BY

( )DheL WLLGAeI ++⋅⋅⋅=

WHERE�(�IS�THE�RATE�OF�GENERATION�OF�ELECTRON�HOLE�PAIRS�BY�LIGHT�AND�8%�IS�THE�WIDTH�OF
THE�DEPLETION�REGION�	;��=
�EQU������
��4HE�EQUATION�SHOWS�THAT�BASICALLY�ALL�THE�CARRIERS
GENERATED�BY�LIGHT�IN�THE�DEPLETION�REGION�AND�WITHIN�A�MINORITY�CARRIER�DIFFUSION�LENGTH
ON� EITHER� SIDE� CONTRIBUTE� TO� THE� PHOTOCURRENT�� .OTE� THAT� THE� PHOTOCURRENT� IS� IN� THE
DIRECTION�OF�A�REVERSE�CURRENT��ÌS�THE�PHOTOCURRENT�IS�LINEARLY�SUPERIMPOSED�ON�THE�USUAL
FORWARD�CURRENT� IN�THE� )�6�CURVE
�THE� ILLUMINATED�DIODE�HAS�A�FORWARD�CURRENT�WHEN�AN
EXTERNAL�VOLTAGE�BIGGER�THAN�THE�OPEN�CIRCUIT�VOLTAGE� 7PD� 	DEFINITION�OF�7PD ��SEE�SECTION
������BELOW
� IS�APPLIED��&OR�VOLTAGES� CFMPX�7PD� THE�CELL�ACTS�AS�A�CURRENT� SOURCE� IN� THE
REVERSE�DIRECTION�

7HEN� THE� )�6�CURVE� OF� A� DEVICE� IS� KNOWN
� THE� MAXIMUM� POWER� OF� THE� CELL� AND� THE

EFFICIENCY�
lightP

Pmax=η �CAN�BE�CALCULATED��Ì�THEORETICAL�MAXIMUM�FOR� η �CAN�BE�DERIVED�WITH

THE�FOLLOWING�ASSUMPTIONS�
� ÌLL�INCIDENT�PHOTONS�WITH�ENERGIES�ABOVE�THE�BAND�GAP�ARE�ABSORBED�A ND�CONTRIBUTE

TO�THE�PHOTOCURRENT� *- �
� ÌN�INFINITE�NUMBER�OF�PHOTOVOLTAIC�CONVERTERS�WITH�ALL�POSSIBLE�BAND�GAPS�IS�ASSUMED

TO�BE� IN� THERMODYNAMIC�EQUILIBRIUM�WITH� THE�SUN��4HE�NECESSARY� LUMINESCENCE�OF�A
CORRESPONDING�CONVERTER�CAN�BE�TRANSLATED�INTO�A�SATURATION�CURRENT� *P ��$ETAILS�CAN�BE
FOUND� IN� ;��
���=�� &OR� A� SINGLE�PN�JUNCTION� A� THERMODYNAMIC� ÀRADIATIVEÁ� SATURATION
CURRENT�MINIMUM�IS�OBTAINED�
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7ITH�THESE�ASSUMPTIONS�ALL�THE�PARAMETERS�ARE�KNOWN�FOR�THE�CALCULATION�OF�AN�IDEALISED
)�6�CURVE��&OR�A�GIVEN�INCIDENT�SPECTRUM�THE�EFFICIENCY�CAN�THEREFORE�BE�CALCULATED�AS�A
FUNCTION� OF� THE� BAND� GAP� OF� THE� UNDERLYING� MATERIAL�� &OR� EXAMPLE
� THE� IDEALISED
EFFICIENCY�OF�A�'AÌS� SOLAR� CELL� IN�DIRECT� SUNLIGHT� 	Ì-����D
� AT� A� CONCENTRATION� RATIO�OF
����AND�A�CELL�TEMPERATURE�OF����+�IS������� ;��=��4HIS�VALUE�EMPHASISES�THAT�EVEN�IN
THE�IDEALISED�CASE�THE�PHOTOVOLTAIC�CONVERSION�EFFICIENCY�IS�FAR�FROM�������4HE�MAIN�LOSS
MECHANISMS� DEPEND� DIRECTLY� ON� THE� BAND� GAP�� 0HOTONS� WITH� ENERGIES� FAR� ABOVE� THE
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BAND�GAP�CREATE�HOT�CARRIERS�WHOSE�EXCESS�ENERGY� IS� LOST� IN� THERMALISATION� TO�NEAR� THE
BAND�EDGE��0HOTONS�WITH�ENERGIES�BELOW�THE�BAND�GAP�ARE�NOT�ABSORBED�AND� LOST� FOR
THE�CONVERSION�PROCESS��4HESE�TWO�EFFECTS�ALONE�LEAD�TO�A�REDUCTION�OF�THE�EFFICIENCY�IN
THE� ORDER� OF� ���� 	;��=
� P�� ���
�� 4HE� THIRD� UNAVOIDABLE� LOSS� MECHANISM� IS� THE
THERMALISATION� OF� CARRIERS� OVER� THE� POTENTIAL� BARRIER�� Ì� DIODE� CAN� NEVER� GIVE� A� VOLTAGE
OUTPUT�CORRESPONDING�TO�THE�BAND�GAP�ENERGY
�AND� gEVe <⋅ �WILL�ALWAYS�APPLY�	;��=
�P�

���
�

����� 5IF�SFBM�EFWJDF

)N�SECTION�������AN�IDEAL�PN�JUNCTION�WAS�DESCRIBED��&OR�A�MORE�REALISTIC�MODEL�ADDITIONAL
POINTS�HAVE�TO�BE�CONSIDERED��4HE�THERMODYNAMIC�SATURATION�CURRENT�MINIMUM�MUST�BE
CONSIDERED� UNREALISTIC� AS� THE� VALUE� BASED� ON� THE� 3HOCKLEY� MODEL� IS� GENERALLY� MUCH
HIGHER��"ESIDES
�SURFACE�RECOMBINATION�CAN�INFLUENCE�THE�SATURATION�CURRENT��)F�A�SURFACE
IS� CLOSER� TO� THE� DEPLETION� REGION� THAN� APPROXIMATELY� ONE� MINORITY� CARRIER� DIFFUSION

LENGTH
�THE�SURFACE�RECOMBINATION�VELOCITY�3�MUST�BE�COMPARED�TO�THE�RATIO� L
D �IN�ORDER

TO�DETERMINE�WHETHER�THE�PROXIMITY�OF�THE�SURFACE�WILL�LEAD�TO�AN�INCREASE�OR�A�DECREASE
OF�THE�SATURATION�CURRENT� *� 	[38]
�FIG�����
�

� )F�3���� L
D 
�THE�MINORITY�CARRIER�CURRENT�FLOW�INTO�THE�SURFACE�WILL�BE� UIF�DOMINATING

EFFECT
�TRANSPORT�IS�CONTROLLED�BY�THE�MINORITY�MOBILITY�OF�THE�LAYER�AND� *��WILL�BE�MUCH
HIGHER�THAN�IN�THE�INFINITE�LAYER�CASE�

� )F� 3� � L
D��≈ � 	WITHIN� APPROXIMATELY� TWO� ORDERS� OF� MAGNITUDE

� THE� MINORITY� CARRIER

CURRENT�FLOW�INTO�THE�SURFACE�WILL�BE� B�DOMINATING�EFFECT�� *��WILL�BE�HIGHER�THAN�IN�THE

INIFINTE�LAYER�CASE�FOR�3��� L
D �AND�LOWER�FOR�3��� L

D �

� )F�3���� L
D 
�THE�MINORITY�CARRIER�CURRENT�FLOW�INTO�THE�SURFACE�WILL�BE� OP�DOMINATING

EFFECT
�VERY�FEW�CARRIERS�WILL�BE�LOST�AT�SUCH�AN�EXCELLENT�SURFACE
�TRANSPORT�IS�NO�LONGER
CONTROLLED�BY�3�BUT�BY�THE�LIFETIME�OF�THE�LAYER
�AND� *��WILL�BE�MUCH�LOWER�THAN�IN�THE
INFINITE�LAYER�CASE�

(OWEVER
�THE�EFFECT�OF�SURFACE�RECOMBINATION�IS�NOT�ONLY� LIMITED�TO�THE�CHANGES� IN�THE
ÀDARKÁ�SATURATION�CURRENT��.ATURALLY
�A�HIGH�RECOMBINATION�VELOCITY�SURFACE�WILL�ALSO�LEAD
TO�A� LOSS�OF�PHOTOEXCITED�MINORITY� CARRIERS�WHICH�HAVE�BEEN�CREATED�WITHIN�A�DIFFUSION
LENGTH�FROM�THE�SURFACE�

"OTH�GENERATION�RECOMBINATION� IN� THE�DEPLETION� REGION�AND�/HMIC� RESISTANCES�MUST�AS
WELL�BE�CONSIDERED��4HESE�EFFECTS�ARE�INCLUDED�IN�THE�SO�CALLED�TWO�DIODE�MODEL�WHICH�IS
BEYOND�THE�SCOPE�OF�THIS�INTRODUCTION��3IMILARLY
�LOSSES�ASSOCIATED�WITH�REFLECTION�OF�THE
MATERIAL�AND�THE�METAL�GRID�ARE�NOT�DISCUSSED�

%XAMPLES�FOR�MEASURED�)�6�CURVES�OF�A�REAL�DEVICE�UNDER�DIFFERENT� LEVELS�OF� ILLUMINATION
ARE� SHOWN� IN� FIGURE� ����� 4HESE� )�6�CURVES� ARE� USUALLY� DESCRIBED� BY� A� SET� OF� TYPICAL
PARAMETERS�WHICH�WILL�BE�PRESENTED�IN�THE�FOLLOWING�

4HE�SHORT�CIRCUIT�CURRENT� *TD�IS�DEFINED�FOR�7�����7��ÌT�THIS�POINT�THE�)�6�CURVE�GIVES

( ) Lsc III −== 0
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ÌS� *-� IS�PROPORTIONAL� TO�THE�GENERATION� RATE�'
� THE�SHORT�CIRCUIT�CURRENT�OF� THE�DEVICE� IS
PROPORTIONAL�TO�THE�INTENSITY�OF�THE�LIGHT��4HE�OPEN�CIRCUIT�VOLTAGE� 7PD�IS�DEFINED�FOR� *	�
�
ÌT�THIS�POINT�THE�)�6�CURVE�GIVES
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4HE�EQUATION� SHOWS� THAT�7PD� INCREASES� LOGARITHMICALLY�WITH� *-
� I��E��WITH�THE� INTENSITY�OF
THE�LIGHT��/N�THE�OTHER�HAND
�7PD�DECREASES�WITH�INCREASING�SATURATION� CURRENT�*� ��ÌS�*��IS
PROPORTIONAL�TO� 2

in �	SEE�PAGE���

�6OC�IS�DIRECTLY�RELATED�TO�THE�BAND�GAP�OF�THE�MATERIAL�

4HE�DEVICE�GIVES�THE�MAXIMUM�POWER�AT� THE�POINT�MARKED�AS�-00�	ÀMAXIMUM�POWER
POINTÁ
�IN�FIGURE������"Y�DEFINING�THE�SO�CALLED�FILL�FACTOR� ''�AS�THE�RATIO

����FIG��IN�RECTANGLE�DASHEDBY��DEFINED�ÌREA

����FIG��IN�RECTANGLE�DOTTEDBY��DEFINED�ÌREA=
⋅
⋅

=
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THE�EFFICIENCY�OF�A�CELL�CAN�BE�DESCRIBED�IN�TERMS�OF�7PD�AND�*TD�AS�
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4HIS�EXPRESSION�SHOWS�THE�DEPENDENCE�OF�THE�EFFICIENCY�ON�THE�BAND�GAP�VERY�CLEARLY��/N
THE�ONE�HAND�A�HIGHER�BAND�GAP�WILL�REDUCE�BOTH� OJ�AND�*��SO�THAT�7PD�WILL�BE�SUBJECT�TO�A
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CORRESPONDING�INCREASE��ÌT�THE�SAME�TIME� *TD�WILL�DECREASE�DUE�TO�THE�REDUCED�ABSORPTION
IN�WIDE�BAND�GAP�MATERIALS��4HE�OPTIMUM�BAND�GAP�FOR�A�GIVEN�INCIDENT�SPECTRUM�CAN
BE�OBTAINED�FROM�SIMULATION�	E��G�� ;��=
�

3IMILARLY�THE�EFFECT�OF�CONCENTRATION�OF�THE�INCIDENT�LIGHT�CAN�BE�SEEN��7HILE� *TD�AND�1MJHIU

WILL�INCREASE�PROPORTIONAL�TO�EACH�OTHER�WITHOUT�CHANGING�THE�OVERALL�EFFICIENCY
� 7PD�WILL
ALSO�GROW�WITH�MO	*TD
�AND�GIVE�AN�INCREASE�OF�THE�EFFICIENCY�UNDER�CONCENTRATED�LIGHT�

4HE�EVALUATION�OF�THE�DEVICES�DEVELOPED�IN�CHAPTER���WILL�BASICALLY�FOCUS�ON� 7PD�AND� *TD�
)NSTEAD�OF�THE�MERE�VALUE�FOR� *TD
�THE�EXTERNAL�SPECTRAL�QUANTUM�EFFICIENCY�WILL�BE�GIVEN
THERE��4HIS�QUANTITY�IS�DEFINED�BY
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WHERE�3�IS�THE�REFLECTION
�Γ �IS�THE�PHOTON�FLUX
�AND� *-�IS�THE�PHOTOGENERATED�CURRENT��4HE
%1%� IS� DETERMINED� BY� MEASURING� THE� SHORT�CIRCUIT� CURRENT� USING� MONOCHROMATIC� LIGHT
WITH�KNOWN�PHOTON�FLUX��4HE�%1%�IS�MAINLY�USEFUL�IN�TWO�RESPECTS�
� ÌS�DIFFERENT�WAVELENGTHS�ARE�ABSORBED� IN�DIFFERENT�PARTS�OF� THE�DEVICE
� THE� SPECTRAL

INFORMATION�OF�THE�%1%�GIVES�GUIDELINES�FOR�FURTHER�OPTIMISATION�OF�A�DEVICE�STRUCTURE�
� 7HEN�THE�%1%�IS�KNOWN� IN�ABSOLUTE�TERMS
�THE�TOTAL� LIGHT�GENERATED�CURRENT�CAN�BE

CALCULATED�FOR�ANY�DESIRED�INCIDENT�SPECTRUM� ( ) λλ ddΓ �	E�G��;��=
�EQU�������IN�;��=
�
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ÌT�THE�END�OF�SECTION�������THE�TWO�MAIN�LOSS�MECHANISMS�FOR�THE�PHOTOVOLTAIC�ENERGY
CONVERSION�WERE�IDENTIFIED��&IRSTLY
�PHOTONS�WITH�ENERGIES�FAR�ABOVE�THE�BAND�GAP�CREATE
HOT� CARRIERS� WHOSE� EXCESS� ENERGY� IS� LOST� IN� THERMALISATION�� 3ECONDLY
� PHOTONS� WITH
ENERGIES� BELOW� THE� BAND� GAP� ARE� NOT� ABSORBED� AND� LOST� FOR� THE� CONVERSION� PROCESS�
3ELECTING�THE�OPTIMUM�BAND�GAP�FOR� THE�MATERIAL�OF�A�SINGLE�JUNCTION�SOLAR�CELL�CAN�BE
REGARDED�AS�A�TRADE�OFF�BETWEEN�THESE�TWO�LOSS�MECHANISMS�

(IGHER�EFFICIENCIES�CAN�BE�ACHIEVED�WITH�MULTI�BAND�GAP�SYSTEMS��(IGH�ENERGY�PHOTONS
ARE�ABSORBED� IN�A�WIDE�BAND�GAP�SOLAR�CELL
�WHILE� LOW�ENERGY�PHOTONS�ARE� TRANSMITTED
THROUGH�THE�MATERIAL��Ì�SECOND�CELL�BASED�ON�A�LOWER�BAND�GAP�MATERIAL�IS�THEN�PLACED
BEHIND� THE� FIRST�ONE��4HIS� SECOND�CELL� CAN�NOW�CONVERT� THE� LOWER�ENERGY�PHOTONS� INTO
ELECTRICITY��3UCH�A�PHOTOVOLTAIC�SYSTEM�IS�CALLED�A�ÀTANDEM�CELLÁ��4HE�TWO�CELLS�CAN�EITHER
BE� REALISED� SEPARATE� FROM� EACH� OTHER� AND� CONNECTED� INDEPENDENTLY� 	FOUR� TERMINAL
APPROACH
�OR�GROWN�MONOLITHICALLY�ON� TOP�OF�EACH�OTHER� 	TWO�TERMINAL�APPROACH
��4HE
LATTER�APPROACH�IS�DIFFICULT�WITH�RESPECT�TO�THREE�POINTS�
� 4HE�/HMIC�CONNECTION�BETWEEN�THE�TWO�CELLS�MUST�BE�REALISED�WITH�A�TUNNEL�DIODE�

4HE� DEPOSITION� OF� SUCH� A� STRUCTURE� IS� DIFFICULT� BECAUSE� VERY� HIGH� DOPING� LEVELS� AND
SHARP�INTERFACES�MUST�BE�ACHIEVED�

� 4HE� TWO� TERMINAL� APPROACH� MEANS� THAT� THE� SAME� CURRENT� FLOWS� IN� BOTH� CELLS�� &OR
OPTIMUM� EFFICIENCIES
� THIS� CURRENT� MUST� BE� EQUAL� TO� THE� CURRENT� IN� THE� MAXIMUM
POWER� POINT� OF� CPUI� CELLS�� /THERWISE� THE� CELL� WITH� THE� LOWER� CURRENT� WILL� LIMIT� THE
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PERFORMANCE�OF�THE�OTHER�CELL��5SUALLY�THE�EMPLOYED�BAND�GAPS�IN�COMBINATION�WITH�A
GIVEN�SPECTRUM�DO�NOT�AUTOMATICALLY�FULFIL�THIS�CONDITION��Ì�PARTIAL�TRANSPARENCY�OF�THE
TOP�CELL�ACHIEVED�BY�THINNING�THE�ABSORBER�LAYERS�CAN�OFTEN�BE�EMPLOYED�AS�A�SOLUTION
TO�THIS�PROBLEM�

� $IFFERENT� BAND� GAP�MATERIALS� HAVE� TO� BE� REALISED� THAT� ARE� LATTICE�MATCHED� TO� EACH
OTHER��4HE�CHOICE�OF�SUITABLE�MATERIAL�COMBINATIONS�IS�VERY�LIMITED�

4HE�EFFICIENCY�OF� SUCH�A�SYSTEM�CAN�BE�ENHANCED�EVEN�MORE�BY� FURTHER� INCREASING� THE
NUMBER�OF�CELLS�BASED�ON�DIFFERENT�BAND�GAPS��4HE�EFFICIENCY�GAIN�PER�ADDITIONAL�CELL� IS
REDUCED� WITH� EVERY� ADDED� DEVICE� 	FIG�� ���� IN� ;��=
�� Ì� REASONABLE� TRADE�OFF� BETWEEN
EFFICIENCY�AND�TECHNOLOGICAL�EFFORT� IS�GIVEN�FOR�A�SYSTEM�WITH�FOUR�CELLS��ÌS�A�SUCCESSFUL
MONOLITHIC�FOUR�JUNCTION�DEVICE�HAS�NOT�BEEN�SHOWN�UP�TO�NOW
�A�MECHANICAL�STACK�OF
TWO� MONOLITHIC� TANDEM� CELLS� IS� A� PROMISING� ALTERNATIVE� APPROACH�� (ERE
� THE
TECHNOLOGICALLY� MATURE� MONOLITHIC� 	'A)N
0�'AÌS� TANDEM� CELL� COULD� SERVE� AS� A� FIRST
TANDEM� CELL� FOR� THE� IJHI�ENERGY� PHOTONS�� 4HIS� DEVICE�WILL� BE�MECHANICALLY� STACKED�ON
TOP� OF� A� SECOND� MONOLITHIC� TANDEM� CELL� WHICH� ABSORBS� MPX�ENERGY� PHOTONS�� 4HE
OPTIMUM� BAND� GAP� COMBINATION� OF� THE� SECOND� MONOLITHIC� TANDEM� CELL� HAS� TO� BE
CALCULATED� BY� SIMULATION�� )N� ORDER� TO� DESIGN� A� CORRESPONDING� SIMULATION� SOFTWARE
� THE
FOLLOWING�ASSUMPTIONS�WERE�MADE�

� Ì�SOLAR�SPECTRUM�BELOW�A�'AÌS�WAFER�IS�USED�AS�INCIDENT�SPECTRUM�
� 4HE�TOP�CELL�IS�COMPLETELY�TRANSPARENT�FOR�PHOTONS�WITH�ENERGIES�BELOW�THE�BAND�GAP�
� 4HE�%1%�IS������FOR�ALL�PHOTONS�ABOVE�THE�BAND�GAP�IN�BOTH�CELLS�
� #URRENT�MATCHING�IS�ACHIEVED�BY�A�PARTIALLY�TRANSPARENT�TOP�CELL�WHERE�APPLICABLE�
� 4HE� SATURATION� CURRENT� IS� ASSUMED� TO� BE� THE� THERMODYNAMIC� ÀRADIATIVEÁ� MINIMUM

GIVEN�IN�SECTION�������

4HE�3HOCKLEY�EQUATION�CAN�NOW�BE�APPLIED�IN�ORDER�TO�DEVELOP�A�MODEL�FOR�AN�ÀIDEALÁ
TANDEM�CELL�
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4HE� )�6�CURVE�CAN�NOW�BE�CALCULATED�FOR�VARIOUS�BAND�GAP�COMBINATIONS��4HE� RESULTING
POWER� AT� THE� -00� CAN� BE� TRANSLATED� INTO� AN� EFFICIENCY�� 4HIS� INFORMATION� CAN� BE
SUMMARISED�IN�A�MATRIX�OF�EFFICIENCIES�AS�A�FUNCTION�OF�THE�BAND�GAPS�	FIGURE����
�

4WO�AREAS�WITH�OPTIMISED�EFFICIENCIES�CAN�BE�IDENTIFIED�IN�THE�FIGURE��4HE�CORRESPONDING
BAND�GAP�COMBINATIONS�ARE�APPROXIMATELY� �����F7�������F7�AND���F7�������F7��4HE�FIRST
COMBINATION�GIVES� SLIGHTLY�HIGHER�VALUES� FOR� THE�EFFICIENCY�BUT� THE�ONLY� SUITABLE� LATTICE�
MATCHED�MATERIAL� COMBINATION� IS� 	ÌL'A
	ÌS3B
�	'A)N
	ÌS3B

� I��E�� TWO�QUATERNARIES�WITH
'A3B�OR� )NÌS�AS�SUBSTRATE�MATERIAL� 	SECTION������
��/N�THE�OTHER�HAND
� THERE�ARE� THREE
POSSIBLE�CANDIDATES�FOR�A�LATTICE�MATCHED�BAND�GAP�COMBINATION�CLOSE�TO� ��F7�������F7�
A
 	'A)N
	.ÌS
�'E

Ì�BAND�GAP�OF���F7�CAN�BE�REALISED�IN�	'A)N
	.ÌS
�WHICH�IS�GROWN�LATTICE�MATCHED�TO
GERMANIUM� SUBSTRATES�� ÌS� THE� BAND� GAP� OF� GERMANIUM� AT� ���+� IS� ����� E6
� A
CORRESPONDING�TANDEM�DEVICE�SEEMS�POSSIBLE��(OWEVER
�	'A)N
	.ÌS
�HAS�NOT�YET�BEEN
REPORTED�IN�SUFFICIENT�QUALITY�UP�TO�NOW�

B
 	'A)N
	0ÌS
�	'A)N
ÌS�ON�)N0�SUBSTRATES
4HIS�MATERIAL� COMBINATION� IS� TECHNOLOGICALLY�MATURE�� "OTH�MATERIALS� ARE�ÌL�FREE� AND
CAN� BE� GROWN� IN� HIGH� QUALITIES� ON� )N0� AS� SUBSTRATE�MATERIAL�� (OWEVER
� INDIUM� IS� A
RATHER�RARE�ELEMENT�AND�)N0�IS�QUITE�EXPENSIVE��4HESE�FACTORS�MIGHT�EVENTUALLY�PROHIBIT
A� LARGE�SCALE�DISTRIBUTION�OF�CORRESPONDING�PHOTOVOLTAIC�DEVICES��7HILE�A�MECHANICAL
STACK�OF�A�'AÌS�	'A)N
ÌS�TANDEM�CELL� ;��=�AND�A�#"%�GROWN�	'A)N
ÌS�TUNNEL�JUNCTION
HAVE�ALREADY�BEEN�SHOWN
�A�RELATED�TANDEM�DEVICE�HAS�NOT�BEEN�REPORTED�YET�
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CBOE� HBQT� 	DFMM� UFNQFSBUVSF�� ���,
�� 5IF� JODJEFOU� TQFDUSVN� JT� ���� UJNFT
".���E� 	����� 8�N�
� VOEFS� B� (B"T�XBGFS� 	UFNQFSBUVSF�� ���,
�� 5IF
SFTVMUJOH�JODJEFOU�QPXFS�JT�����UJNFT�����8�N���5XP�BSFBT�XJUI�PQUJNJTFE
FGGJDJFODJFT� DBO� CF� DMFBSMZ� JEFOUJGJFE�� <4PGUXBSF� BOE� DBMDVMBUJPOT�� (�� -ÀUBZ
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C
 	ÌL'A
	ÌS3B
�'A3B
7ITH� 'A3B� 	%GAP� 	���+
������ E6
� AS� BOTTOM� CELL
� FIGURE� ���� SUGGESTS� A� THEORETICAL
EFFICIENCY� OF� APPROXIMATELY� ���� FOR� THE� TANDEM� CELL� WHEN� A� CONCENTRATED� SOLAR
SPECTRUM�BELOW�A�'AÌS�WAFER�IS�USED�AS�REFERENCE�POWER�	I��E������TIMES�����7�M � 
�
Ì�'A3B�SINGLE�JUNCTION�CELL�ALONE�GIVES�����IN�EQUIVALENT�CALCULATIONS��&OR�A�REFERENCE
POWER� OF� �����7�M�� 	I�� E�� THE� COMPLETE� SOLAR� SPECTRUM� WITHOUT� THE� 'AÌS� FILTER


THESE�VALUES�CORRESPOND�TO�����FOR�THE�TANDEM�CELL�AND�����FOR�THE�SINGLE�JUNCTION
CELL�� (ENCE
� THE� IDEAL� ��JUNCTION� DEVICE� WILL� GIVE� ONLY� ��� MORE� THAN� A
��JUNCTION� DEVICE� WITH� REGARD� TO� THE� ABSOLUTE� EFFICIENCY� OF� THE� WHOLE� SYSTEM�
#ONSEQUENTLY
�THE��E6�CELL�	I�E��THE�� RD�JUNCTION�IN�A���JUNCTION�SYSTEM
�MUST�BE�VERY
GOOD�IN�ORDER�TO�LEAD�TO�A�REAL�GAIN�OF�EFFICIENCY�
ÌS�DESCRIBED�IN�CHAPTER��
�THE�-/60%�OF�'A3B�BASED�MATERIALS�IS�A�RATHER�RECENT�AND
DIFFICULT�FIELD
�AND�THE�MATERIAL�QUALITY�IS�OFTEN�UNSATISFACTORY��(ENCE
�THE�DEVELOPMENT
OF� A� SUCCESSFUL� 	ÌL'A
	ÌS3B
�'A3B� TANDEM� CELL� MUST� BE� CONSIDERED� AN� AMBITIOUS
CHALLENGE�� (OWEVER
� IT� WAS� DECIDED� TO� CHOOSE� THE� ANTIMONIDE�BASED� APPROACH� FOR
THIS�WORK�DUE�TO�THE�CONSIDERABLE�POTENTIAL�OF�THESE�MATERIALS�WITH�REGARD�TO�A�WIDE
RANGE�OF�INTERESTING�PHYSICS�AND�NOVEL�DEVICES
�E�G������E6�THERMOPHOTOVOLTAIC�CELLS�

ÌS�SOLAR�CELLS�BASED�ON� )))�6�SEMICONDUCTORS�ARE�SIGNIFICANTLY�MORE�EXPENSIVE�THAN�THEIR
SILICON�BASED�COUNTERPARTS
� AN�ECONOMICALLY� COMPETITIVE� TERRESTRIAL� APPLICATION�CAN�ONLY
BE�IN�A�CONCENTRATING�SYSTEM�WHERE�THE�AREA�OF�CELL�REQUIRED�FOR�A�GIVEN�POWER�OUTPUT�IS
NOTABLY�REDUCED��ÌN�EXAMPLE�FOR�SUCH�A�SYSTEM�BASED�ON�THE�ABOVE���JUNCTION�APPROACH
IS�SHOWN�IN�FIGURE�����

#U

#U

	'A)N
0 SOLAR CELL

'AÌS SOLAR CELL

	ÌL'A
	ÌS3B
 SOLAR CELL

'A3B SOLAR CELL

&RESNEL LENS

'JHVSF����� 'PVS�KVODUJPO�QIPUPWPMUBJD�TZTUFN�JO�B�DPODFOUSBUJOH�BQQMJDBUJPO�
5IF� NPOPMJUIJD� UBOEFN� DFMM� GPS� UIF� IJHI�FOFSHZ� QIPUPOT� DPOTJTUT� PG� UIF
NBUFSJBM� DPNCJOBUJPO� 	(B*O
1�(B"T
�XIJMF� UIF� TFDPOE� UBOEFN� DFMM� GPS� UIF
MPX�FOFSHZ�QIPUPOT�JT�CBTFE�PO�UIF�DPNCJOBUJPO�	"M(B
	"T4C
�(B4C�
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-ETALORGANIC�VAPOUR�PHASE�EPITAXY�	-/60%
�WAS�ALREADY�INTRODUCED�IN�SECTION�������AS
VAPOUR�PHASE� EPITAXIAL� PROCESS� BASED� ON� GASEOUS�METALORGANIC� COMPOUNDS�� #OMMON
SYNONYMS�ARE�ORGANOMETALLIC�VAPOUR�PHASE�EPITAXY�	/-60%
�AND�METALORGANIC�CHEMICAL
VAPOUR� DEPOSITION� 	-/#6$
�� 4HEY� ALL� DESCRIBE� A� VERY� POWERFUL� TECHNIQUE� FOR� THE
EPITAXIAL�GROWTH�OF�)))�6�SEMICONDUCTORS�

)N�-/60%
�A�COMBINATION�OF� LIQUID�OR� SOLID�METALORGANICS�AND�HYDRIDE�GASES� IS�USUALLY
EMPLOYED�AS�SOURCE�MATERIALS
� THE�SO�CALLED�ÀPRECURSORSÁ��4HE� FOLLOWING�DESCRIPTION�OF
THE�TECHNIQUE�WILL�FOCUS�ON�THE�GROWTH�OF�'AÌS�AS�MODEL�SYSTEM��(YDROGEN�IS�BUBBLED
THROUGH�METALORGANIC�COMPOUNDS�	E��G��TRIMETHYLGALLIUM�OR�À4-'AÁ�AS�GROUP�)))�SOURCE

WHICH� ARE� STORED� IN� STEEL� CYLINDERS� IN� TEMPERATURE�STABILISED� BATHS�� 4HE� METALORGANIC
EVAPORATES� AND� A� SATURATED� MIXTURE� WITH� HYDROGEN� IS� FORMED�� 4HIS� MIXTURE� IS� THEN
FURTHER� DILUTED�WITH� (

�
� AND� TRANSPORTED� TO� THE� ACTUAL� GROWTH� CHAMBER�� 3IMILARLY
� THE

GASEOUS�HYDRIDE�ARSINE�AS�GROUP�6�SOURCE� IS� TRANSPORTED�TO�THE�REACTOR� IN�HYDROGEN�AS
CARRIER�GAS��	ÌN�INCREASING�TENDENCY�TO�REPLACE�THIS�STABLE�AND�HIGHLY�DANGEROUS�HYDRIDE
GAS�BY�METALORGANIC�LIQUIDS�SUCH�AS�TERTIARYBUTYLARSINE�	4"ÌS
�CAN�CURRENTLY�BE�OBSERVED�

ÌS�A�RESULT
�THERE� IS�A�CONTINUOUS�FLOW�OF�HYDROGEN�CARRIER�GAS� IN� THE�GROWTH�CHAMBER
WITH�EMBEDDED�GROUP�)))��AND�6�SOURCE�MOLECULES�OVER�A�HEATED�SUSCEPTOR�ONTO�WHICH�A
SUBSTRATE�IS�PLACED��#LOSE�TO�THE�SUBSTRATE�SURFACE�A�BOUNDARY�LAYER�IS�FORMED�WHERE�THE
GAS� VELOCITY� IS� ALMOST� ZERO�� 4HERMALLY� ACTIVATED� PRECURSOR� SPECIES� DIFFUSE� THROUGH� THIS

surface
diffusion substrate

desorption

diffusion &
activation

adsorption

gas stream

'JHVSF����� 1SJODJQMF� PG� NFUBMPSHBOJD� WBQPVS� QIBTF� FQJUBYZ�� 5IF� TPVSDF� TQFDJFT� BSF
DBSSJFE�UP�UIF�TVCTUSBUF�JO�BO�)

�
��HBT�TUSFBN��"GUFS�UIFSNBM�BDUJWBUJPO�UIFZ

HFU�BETPSCFE�PO�UIF�TVSGBDF�XIFSF�UIFZ�EJGGVTF�UP�UIFJS�JODPSQPSBUJPO�TJUFT�
'JOBMMZ
�PSHBOJD�SFTU�HSPVQT�EFTPSC�BOE�BSF�DBSSJFE�XBZ�XJUI�UIF�HBT�TUSFBN�
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BARRIER� AND� GET� ADSORBED� ON� THE� GROWTH� SURFACE�� (ERE
� THE� SPECIES� DIFFUSE� TO
ENERGETICALLY�FAVOURABLE�INCORPORATION�SITES�WHERE�THEY�CONTRIBUTE�TO�THE�CRYSTAL�GROWTH�
4HE� REMAINING� ORGANIC� GROUPS� DESORB� AND� ARE� CARRIED� AWAY�WITH� THE� GAS� STREAM�� 4HE
OVERALL�GROWTH�REACTION�CAN�BE�DESCRIBED�BY�A�HIGHLY�SIMPLIFIED�EXPRESSION�

( ) 4333 3CHGaAsAsHGaCH heat + →+

$ESPITE� THE� SIGNIFICANT�DEGREE�OF� SIMPLIFICATION� IN� THE� ABOVE� CONSIDERATIONS
� IMPORTANT
FEATURES�OF�THE�PROCESS�CAN�BE�DERIVED�

� 4HE� ATOMIC� HYDROGEN� FROM� THE� PYROLYSIS� OF� THE� 6�PRECURSOR� IS� IMPORTANT� FOR� THE
SATURATION�OF�ORGANIC�RADICALS�THAT�ARISE�FROM�THE�DECOMPOSITION�OF�THE�METALORGANIC
PRECURSORS�

� ÌS� ALREADY� DESCRIBED� IN� SECTION� �����
� A� SECOND� CONDENSED� PHASE� 	 ( ) ( )sAssGaAs + 

CAN� NOT� OCCUR� FOR� ARSENIDES� AND� PHOSPHIDES� DUE� TO� THE� HIGH� VAPOUR� PRESSURE� OF
EXCESS� ARSENIC� AND� PHOSPHORUS� AT� TYPICAL� GROWTH� TEMPERATURES�� 4HEREFORE
� THE
INCONGRUENT�EVAPORATION�OF�THE�COMPONENTS�OF�)))�6�SEMICONDUCTORS�AT�TYPICAL�GROWTH
TEMPERATURES�CAN�GENERALLY�BE�PREVENTED�BY�A�GROUP�6�OVERPRESSURE� IN� THE�-/60%�
REACTOR� WITHOUT� CAUSING� NONSTOICHIOMETRIC� GROWTH�� 4HE� RELATED� EXCESS� HYDRIDE� GAS
CONTRIBUTES�FURTHER�TO�A�COMPLETE�SATURATION�OF�ORGANIC�RADICALS�

� 4HE� MOLAR� FLOW� RATE� OF� GROUP� )))� ELEMENTS� INTO� THE� REACTOR� DETERMINES� THE� OVERALL
GROWTH�RATE�OF�THE�CRYSTAL�
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� ÌPART�FROM�THE�MASS�TRANSPORT�TO�THE�GROWTH�AREA
�THE�RATE�LIMITING�PROCESSES�FOR�THE
GROWTH� OF� THE� CRYSTAL� ARE� THE� THERMAL� ACTIVATION� OF� THE� PRECURSOR� SPECIES� AND� THE
DIFFUSION�OF�THE�ACTIVATED�SPECIES�THROUGH�THE�STAGNANT�BOUNDARY�LAYER��4HE�RESULTING
GROWTH� RATE� OF� 'AÌS� AS� A� FUNCTION� OF� TEMPERATURE� IS� SHOWN� IN� FIGURE� ����� 4HREE
TYPICAL� REGIONS� CAN� BE� IDENTIFIED� IN� THE� FIGURE�� )N� A� LOW�TEMPERATURE� REGION� 	�
� THE
THERMAL� ACTIVATION� OF� THE� PRECURSOR� SPECIES� IS� THE� DOMINANT� RATE� LIMITING� STEP�� )N� A
MID�TEMPERATURE�REGION�	�
�THE�THERMAL�ACTIVATION�IS�COMPLETE�AND�DIFFUSION�THROUGH
THE�BOUNDARY�LAYER�IS�THE�DOMINANT�PROCESS��ÌS�THIS�MECHANISM�DEPENDS�ONLY�WEAKLY
ON�TEMPERATURE
�THE�OVERALL�GROWTH�RATE� IS�ALMOST�CONSTANT� IN� THIS� REGION��ÌT�HIGHER
TEMPERATURES�	�
�THE�GROWTH�RATE�DECREASES�AGAIN�DUE�TO�PARASITIC�PROCESSES��5SUALLY
THE� MID�TEMPERATURE� REGION� IS� CHOSEN� FOR� THE� DEPOSITION� OF� HIGH�QUALITY� MATERIAL�
#ONSEQUENTLY
� THE� DECOMPOSITION� BEHAVIOUR� OF� THE� EMPLOYED� PRECURSORS� MUST� BE
MATCHED�TO�THE�OPTIMUM�GROWTH�TEMPERATURE�RANGE�OF�THE�CRYSTAL�TO�BE�GROWN�

4HE� ABOVE� POINTS� INTRODUCE� SOME� OF� THE� PROBLEMS� CONCERNING� THE�-/60%�GROWTH� OF
ANTIMONIDES�� #OMPARED� TO� ARSENIDES� AND� PHOSPHIDES
� THE� 6�)))�RATIO� 	I�� E�

( ) ( )∑∑ −− precursorIIIPprecursorVP partialpartial 
� FOR� ANTIMONIDES�MUST� BE� HELD� CLOSE

TO� UNITY� DUE� TO� THE� LESS� VOLATILE� ANTIMONY�� /THERWISE� A� SECOND� CONDENSED� PHASE
	 ( ) ( )sSbsGaSb + 
� AND� RELATED� NONSTOICHIOMETRIC� GROWTH� WILL� OCCUR�� #ONSEQUENTLY
� THE
SATURATION�OF�ORGANIC�RADICALS�IS�RATHER�INCOMPLETE�IN�AN�ANTIMONIDE�PROCESS�AND�CARBON
CONTAMINATION�OF�THE�CRYSTALS�IS�A�PROBLEM��-OREOVER
�THE�GROWTH�TEMPERATURES�FOR�THE
ANIMONIDE�CRYSTALS�MUST�BE� LOWER�COMPARED� TO�STANDARD�MATERIALS��ÌS�A� CONSEQUENCE

THE� THERMAL� ACTIVATION� BEHAVIOUR� OF� COMMON�GROUP� )))� PRECURSORS� DOES� NOT�MATCH� THE
GROWTH� CONDITIONS� FOR� ANTIMONIDES�� /NE� OF� THE� CHALLENGES� FOR� THE� -/60%� OF� )))�
ANTIMONIDES� IS� THEREFORE� THE� SEARCH� FOR� NOVEL� PRECURSORS� THAT� DECOMPOSE� AT� LOWER
TEMPERATURES��4HESE�CHALLENGES�WILL�BE�DESCRIBED�IN�MORE�DETAIL�IN�SECTION�����AND�������

&OR� THE� EXPERIMENTS� RELATED� TO� THIS� THESIS� AN� INDUSTRIAL� SCALE� MULTIWAFER� PLANETARY
-/60%�REACTOR�WAS�EQUIPPED�WITH�A�SIGNIFICANT�NUMBER�OF�PRECURSOR�LINES�	FIGURE����
�IN
ORDER� TO�MAKE� THE� DEVELOPMENT� OF� 'AÌS�� AND� 'A3B�BASED� STRUCTURES� POSSIBLE� IN� THE
SAME�MACHINE��ÌRSINE�	ÌS(
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AMINE� ALANE� ADDUCT� 	$-%ÌÌ

� DIMETHYLZINC� 	$-:N

� AND� DIETHYLTELLURIDE� 	$%4E
� WERE
EMPLOYED�AS�SOURCE�MOLECULES�IN�VARIOUS�EXPERIMENTS��4HE�REACTOR�PRESSURE�WAS�HELD�AT
����MBAR�IN�ALL�EXPERIMENTS
�PALLADIUM�DIFFUSED�HYDROGEN�WAS�GENERALLY�USED�AS�CARRIER
GAS
� AND� A� TOTAL� FLOW� RATE� OF� ��MOL�MIN�WAS� CHOSEN�� &URTHER� DETAILS� ON� EXPERIMENTAL
PARAMETERS�WILL�BE�FOUND�AT�RELEVANT�PLACES�IN�THE�SUBSEQUENT�TEXT�

��� $IBSBDUFSJTBUJPO

����� )3�93%��4USVDUVSBM�QSPQFSUJFT

(IGH�RESOLUTION�8�RAY�DIFFRACTION�	(2�82$
�CAN�GIVE�VALUE� INFORMATION�ON�THE�STRUCTURAL
PROPERTIES� OF� THE� DEPOSITED� CRYSTALS�� )N� A� SIMPLIFIED� PICTURE�MONOCHROMATIC� 8�RAYS� ARE
REFLECTED� AT� THE� CRYSTAL� PLANES� AND� CONSTRUCTIVE� INTERFERENCE� WILL� OCCUR� IF� THE� "RAGG�
CONDITION�IS�FULFILLED�

Bdn θλ sin2=

(ERE
�λ �STANDS�FOR�THE�EMPLOYED�8�RAY�WAVELENGTH�	E��G�� α+�#U �WITH�λ����������ON



D�IS�THE�DISTANCE�BETWEEN�REFLECTING�PLANES
�N�DESCRIBES�THE�ORDER�OF�THE�REFLEX�AND� Bθ �IS
THE�"RAGG�ANGLE�

5SUALLY
�THE�DISTANCE�BETWEEN�THE�"RAGG�ANGLES�RELATED�TO�THE�SUBSTRATE�AND�THE�EPILAYER
IS� THE� QUANTITY� OF� INTEREST�� ÌS� THE� SUBSTRATE� LATTICE� CONSTANT� IS� KNOWN
� THE� DISTANCE
BETWEEN�THESE�PEAK�POSITIONS�ALLOWS�A�VERY�ACCURATE�DETERMINATION�OF�THE�EPILAYER�LATTICE
CONSTANT��&OR�THE�CORRESPONDING�ANALYSIS�OF�STRAINED�LAYERS�THE�ELASTICAL�CONSTANTS�OF�THE
CRYSTAL�MUST�BE�CONSIDERED��ÌS�THE�LATTICE�CONSTANT�OF�A�TERNARY�CRYSTAL�CAN�BE�ASSUMED�TO
BE�A� LINEAR� FUNCTION�OF� THE�COMPOSITION� 	6EGARD¾S� LAW

�(2�82$� IS�WIDELY�USED� FOR� THE
RELATED�COMPOSITIONAL�ANALYSIS�

(OWEVER
� THE� 8�RAY� DIFFRACTION� PATTERNS� CONTAIN� MUCH� MORE� INFORMATION� THAN� MERE
LATTICE�CONSTANTS��4HE�READER�IS�REFERRED�TO�A�VERY�GOOD�BOOK�BY�"AUER�AND�2ICHTER�;��=
CONCERNING�FURTHER�DETAILS�SUCH�AS�THE�8�RAY�DIFFRACTION�PATTERNS�OF�SUPERLATTICE�STRUCTURES
AND�A�MORE�SOPHISTICATED�ANALYSIS�BASED�ON�THE�DYNAMICAL�THEORY�

&OR� THE� 8�RAY� DIFFRACTION� MEASUREMENTS� IN� THIS� THESIS� A� STANDARD� SET�UP� WAS� USED
CONSISTING�OF�A� α+�#U 8�RAY�SOURCE
�A�SILICON�TWO�CRYSTAL�MONOCHROMATOR�COLLIMATOR�AND

A�SCINTILLATION�DETECTOR�

����� 1IPUPMVNJOFTDFODF��0QUJDBM�QSPQFSUJFT

4HE�PRINCIPLE�OF�PHOTOLUMINESCENCE�IS�THE�ABSORPTION�OF�PHOTONS�OF�ENERGY�HIGHER�THAN
&HBQ� AND� THE� RESULTING� RADIATIVE� RECOMBINATION� OF� EXCITED� CARRIERS�� 4HE� CORRESPONDING
OPTICAL�PROPERTIES�OF�A�DIRECT� )))�6�SEMICONDUCTOR�CAN�PROVIDE� IMPORTANT� INFORMATION�ON
THE�BAND�STRUCTURE�OF�THE�MATERIAL�AND�THE�MINORITY�CARRIER�PROPERTIES�
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0HOTOEXCITED� CARRIERS�WILL� THERMALISE� AMONGST� THEMSELVES� IN� A� TIME� SHORT� COMPARED� TO
RECOMBINATION
�SO�THAT�A�QUASI�EQUILIBRIUM�DISTRIBUTION�OF�BOTH�CHARGE�CARRIER�TYPES�CAN
BE�ASSUMED��)N�THIS�NON�EQUILIBRIUM�SITUATION�THE�CARRIERS�CAN�RECOMBINE�BOTH�RADIATIVELY
AND�NON�RADIATIVELY��6ARIOUS�RADIATIVE�CHANNELS�ARE�POSSIBLE�SUCH�AS�THE�RECOMBINATION�OF
TWO�FREE�CARRIERS�	BAND�BAND�LUMINESCENCE

�A�FREE�CARRIER�WITH�A�SECOND�CARRIER�BOUND�TO
A�SHALLOW� IMPURITY� 	FREE�TO�BOUND� TRANSITION

� TWO�CARRIERS�BOUND� TO� SHALLOW� IMPURITIES
	DONOR�ACCEPTOR� PAIR� TRANSITION

� AND� EXCITONIC� EMISSION� 	EXCITON�� BOUND� ELECTRON�HOLE
PAIR
��$UE� TO� THE�HIGH�DENSITY�OF� STATES� IN� THE�BANDS�AND� THE� THERMAL� SMEARING�OF� THE
&ERMI�FUNCTION
�SHALLOW�IMPURITIES�ARE�IONIZED�AT�ELEVATED�TEMPERATURES�AND�CARRIERS�ARE
EXCITED� INTO� THE� BANDS�� #ONSEQUENTLY
� BAND�BAND� LUMINESCENCE� DOMINATES� AT� ROOM�
TEMPERATURE��/NLY� AT� VERY� LOW� TEMPERATURES� CARRIERS� ARE� FROZEN� ON� IMPURITIES
� SO� THAT
SAMPLES� ARE� USUALLY� HELD� AT� LIQUID� HELIUM� TEMPERATURE� IN� ORDER� TO� OBTAIN� MEANINGFUL
INFORMATION�ON� THE�ENERGETIC� STRUCTURE��$ETAILS� ON� THE�BEHAVIOUR�OF� VARIOUS� TRANSITIONS
CAN� BE� FOUND� IN� CHAPTER� ��� )N� ADDITION
� THE� READER� IS� REFERRED� TO� A� BOOK� BY� 9U� AND
#ARDONA�;���=�

)N� THE� CASE� OF� 'A3B
� THE� BAND� GAP� OF� THE� SAMPLE� IS� VERY� CLOSE� TO� THE� BAND� GAP� OF
GERMANIUM�DETECTORS�WHICH�ARE�COMMONLY�EMPLOYED�FOR�THE�DETECTION�OF�LUMINESCENCE
IN�THE�NEAR�INFRARED��3TILL
�THIS�KIND�OF�DETECTOR�CAN�BE�USED�IF�THE�SAMPLE�IS�HELD�AT�LIQUID
HELIUM� TEMPERATURE� AND� A� SPECTRAL� CORRECTION� OF� THE� DETECTOR� RESPONSE� IS� CONSIDERED�
4HE� 0,� SPECTRA� IN� THIS� THESIS�WERE� OBTAINED�WITH� A� SPECTROMETER� UTILISING� A� ��M� *OBIN
9VON� GRATING�MONOCHROMATOR�� 4HE� OPTICAL� CRYOSTAT�WAS� A� CLOSED� CYCLE� (E�REFRIGERATOR
+EL#OOL4-�5#(����FROM�"ALZERS�THAT�ALLOWS�0,�MEASUREMENTS�IN�THE�TEMPERATURE�RANGE
��������+��4HE�EXCITATION�SOURCE�WAS�A�(E�.E�LASER�AT�������NM�WITH�A�MAXIMUM�POWER
OF����M7��4HE�BEAM�WAS�FOCUSED�ONTO�THE�SAMPLE�SURFACE�IN�A�SPOT�WITH�A�DIAMETER�OF
^����µM��.EUTRAL�DENSITY�FILTERS�WERE�USED�TO�VARY�THE�EXCITATION�DENSITY�IN�THE�RANGE����
�����7�CM���4HE� LUMINESCENCE�WAS�DETECTED�USING�AN�%DINBURGH� )NSTRUMENTS�%)�,�HIGH
PURITY�GERMANIUM�SYSTEM�COOLED�TO����+�

����� )BMM�FGGFDU��&MFDUSJDBM�QSPQFSUJFT

4YPICAL�ELECTRICAL�PROPERTIES�OF�A�SEMICONDUCTOR�WHICH�ARE�DIRECTLY�ACCESSIBLE�THROUGH�(ALL
MEASUREMENTS� ARE� THE� MAJORITY� CARRIER� CONCENTRATION� AND� THE� RELATED� MOBILITY�� 4HE
MOBILITY� µ � OF� A� CHARGE� CARRIER� IS� DEFINED� BY� EvD ⋅= µ � 	 Dv �� DRIFT� MOBILITY
� &�� ELECTRIC
FIELD
�� ÌS� THE� RELATED� CURRENT� DENSITY� K� IS� GIVEN� BY� Ej ⋅= σ � 	σ �� CONDUCTIVITY

� THE

CONDUCTIVITY� OF� A� SEMICONDUCTOR� CAN� BE� SHOWN� TO� BE� ( )he pne µµσ ⋅+⋅⋅= �� 4HE

CORRESPONDING� ELECTRON� MOBILITY� IN� A� METAL� CAN� BE� SHOWN� TO� BE� men τµ ⋅= � 	τ �

RELAXATION�TIME
��)N�A�SEMICONDUCTOR�THE�SITUATION�IS�SLIGHTLY�MORE�COMPLICATED��(ERE
�THE
CHARGE� CARRIER� DISTRIBUTION� IN� THE�BANDS�MEANS� THAT� CARRIERS�WITH� DIFFERENT�MASSES� CAN
CONTRIBUTE� TO� THE� ELECTRICAL� TRANSPORT�� 4HE� USUAL� MOBILITIES� IN� A� SEMICONDUCTOR� MUST
THEREFORE� BE� UNDERSTOOD� AS� AN� AVERAGE� VALUE�� )N� THIS� CONTEXT
� THE� MINORITY� CARRIER
CONTRIBUTION�TO�THE�ELECTRICAL�TRANSPORT�CAN�USUALLY�BE�NEGLECTED�DUE�TO� 2

innp= �

7HEN�A�SAMPLE�IS�PLACED�IN�A�MAGNETIC�FIELD�#�AND�A�CURRENT� *�IS�PASSED�THROUGH�IT
�THE
,ORENTZ½�FORCE�WILL�LEAD�TO�AN�ELECTRIC�FIELD�PERPENDICULAR�TO�BOTH�#�AND�*��4HIS�WILL�LEAD�TO

A� VOLTAGE� ACROSS� THE� SAMPLE� ACCORDING� TO�
d

IB
RU HH

⋅= � 	E�� SAMPLE� WIDTH
� 3)�� (ALL
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COEFFICIENT

�CALLED�THE�(ALL�VOLTAGE�6)��7HEN�BOTH�ELECTRONS�AND�HOLES�ARE�PRESENT�IN�THE
SAMPLE
�THE�(ALL�COEFFICIENT�CAN�BE�SHOWN�TO�BE�

( )2
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)N�A�DOPED�SAMPLE�THE�MINORITY�CARRIERS�CAN�AGAIN�BE�NEGLECTED�DUE�TO� 2
innp= �AND�THE

(ALL� COEFFICIENT� BECOMES�
pe

RH ⋅
= 1

� OR�
ne

RH ⋅
−= 1

� FOR� P�� OR� N�TYPE� MATERIAL


RESPECTIVELY��4HE�MAJORITY�CARRIER�MOBILITY�CAN�NOW�BE�EXPRESSED�AS� σµ ⋅= HR �

"OTH� THE� (ALL� COEFFICIENT� 3)� AND� THE� CONDUCTIVITY� CAN� NOW� EASILY� BE� DERIVED� FROM
MEASURED� PARAMETERS�� )N� ORDER� TO� MINIMISE� ERRORS� THAT� ARISE� FROM� GEOMETRIC
IMPERFECTIONS� OF� THE� CONTACT� ARRANGEMENT
� THE� SO�CALLED� VAN�DER� 0AUW� TECHNIQUE� IS
USUALLY�APPLIED�WHERE�THE�RELATED�CORRECTION�IS�CALCULATED�BEFOREHAND�BASED�ON�RESISTIVITY
MEASUREMENTS�BETWEEN�THE�CONTACTS�

)N� THE� CASE� OF� 'A3B
� (ALL� MEASUREMENTS� ARE� COMPLICATED� BECAUSE� A� SEMI�INSULATING
SUBSTRATE� IS� NOT� AVAILABLE� FOR� HOMOEPITAXY�� 4HEREFORE
� SEMI�INSULATING� 'AÌS� IS� USUALLY
EMPLOYED�AS�A�LATTICE�NJTMATCHED�SUBSTRATE�FOR�ELECTRICAL�MEASUREMENTS�ON�'A3B��ÌS�A
RESULT
� THE�DENSITY�OF� STRUCTURAL�DEFECTS� IN� THE�EPILAYER� IS�HIGH�AND�MIGHT� INFLUENCE� THE
ELECTRICAL� DATA�� )N� ADDITION
� THE� COMBINATION� OF� RESIDUAL� STRAIN� AT� GROWTH� TEMPERATURE
AND� DIFFERENT� THERMAL� EXPANSION� COEFFICIENTS� BETWEEN� SUBSTRATE� AND� EPILAYER� WILL
PRODUCE� A� STRAINED� (ALL� SAMPLE� WHERE� A� VALENCE�BAND� SPLITTING� OF� A� FEW� MILLI
ELECTRONVOLTS� CAN�BE� EXPECTED��ÌNY� CHANGES� IN� &ERMI� LEVEL� OR� SAMPLE� TEMPERATURE�WILL
NOW�ALTER� THE�HOLE�DISTRIBUTION� RATIO�BETWEEN� LIGHT� AND�HEAVY� HOLES� AND� A� TWO�CARRIER
TYPE� APPROACH� SHOULD� BE� CHOSEN� FOR� AN� ACCURATE� ANALYSIS� OF� (ALL�MEASUREMENTS� OF� P�
TYPE� SAMPLES�� (OWEVER
� THE� EFFECT� IS� GENERALLY� CONSIDERED� TO� BE� NEGLIGIBLE�� )N� SECTION
������A�SIMILAR�EFFECT�IS�SHOWN�TO�OCCUR�IN�TEMPERATURE�DEPENDENT�(ALL�MEASUREMENTS�OF
N�TYPE�'A3B�DUE�TO�THE�PROXIMITY�OF�THE�,��AND�Γ �VALLEY�IN�THE�CONDUCTION�BAND��&URTHER
INFORMATION� ON� (ALL�MEASUREMENTS� AND� PROCESSING� OF� 'A3B�SI�'AÌS�SAMPLES� CAN� BE
FOUND� IN� ;��=��(ERE� IT� IS�AS�WELL� SHOWN�THAT�(ALL�MEASUREMENTS�AND�#6�MEASUREMENTS
ON�PN�JUNCTIONS�ARE�WELL�IN�AGREEMENT�WITH�EACH�OTHER�FOR�LOW�P�DOPING�LEVELS�

����� 41"��4VSGBDF�QSPQFSUJFT

3URFACE� PHOTO� ABSORPTION� 	30Ì
� USES� P�POLARISED� LIGHT�WHICH� IS� REFLECTED� ON� A� SAMPLE
SURFACE� AT� A� HIGH� ANGLE� OF� INCIDENCE� CLOSE� TO� "REWSTER¾S� ANGLE�� &OR� THE� EXPERIMENTS
DESCRIBED� IN� THIS� THESIS� A� ����NM�DIODE� LASER�WAS� USED��ÌT�"REWSTER¾S� ANGLE� THE� BULK
CONTRIBUTION�TO�THE�REFLECTED� INTENSITY� IS�MINIMAL�WITH�RESPECT�TO� LIGHT�POLARISED�PARALLEL
TO�THE�PLANE�OF�INCIDENCE��ÌNY�CHANGE� IN�SURFACE�REFLECTIVITY�CAN�THEREFORE�BE�EXPECTED
TO�REVEAL�ITSELF�MARKEDLY�IN�A�CHANGE�OF�THE�P�POLARISED�REFLECTANCE�

$URING� THE� PRE�GROWTH� DEOXIDATION� OF� )))�6� SUBSTRATES� IN� AN� -/60%� ENVIRONMENT� A
REPRODUCIBLE�CHANGE�OF�THE�30Ì�OPTICAL�RESPONSE�HAS�BEEN�REPORTED�;�=��#ONSEQUENTLY

30Ì� CAN� BE� OF� CRUCIAL� ASSISTANCE� WITH� RESPECT� TO� MONITORING� THE� IN�SITU� TREATMENT� OF
SUBSTRATES�� 4HE� RELATED� LITERATURE� FOCUSES� ON� THE�DEOXIDATION� OF�'AÌS� ;�
� �
� ��=�WHILE
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LITTLE� INFORMATION� ON�OTHER� TYPES� OF� SUBSTRATES� IS� AVAILABLE�� &URTHER� INFORMATION� ON� THE
INTERPRETATION�OF�30Ì�SIGNALS�WITH�REGARD�TO�SURFACE�OXIDES�CAN�BE�FOUND�IN�SECTION�������

4HE� MEASUREMENTS� FOR� THIS� THESIS� WERE� PERFORMED� IN� A� VERTICAL� -/60%�REACTOR� AT
ATMOSPHERIC�PRESSURE�IN�THE�#LARENDON�,ABORATORY�OF�THE�5NIVERSITY�OF�/XFORD��(YDROGEN
WAS� USED� AS� CARRIER� GAS� IN� THE� EXPERIMENTS�� 4HE� LASER� BEAM� WAS� FOCUSSED� ONTO� THE
SAMPLE�AND�THE�PHOTODETECTOR�USING�A�GEOMETRY�THAT�INVOLVED�REFLECTION�ON�THE�STAINLESS
STEEL�SHOWER�HEAD�LID�OF�THE�REACTOR�

����� 4*.4

3ECONDARY�ION�MASS�SPECTROSCOPY�	3)-3
�CAN�BE�USED�TO�ANALYSE�THE�DENSITY�OF�IMPURITIES
IN�SOLIDS��-ATERIAL�FROM�A�SOLID�IS�REMOVED�BY�SPUTTERING��-OST�OF�THE�SPUTTERED�SPECIES
ARE�NEUTRAL�ATOMS�AND�CANNOT�BE�ANALYSED��(OWEVER
�THE�RELATED� IONISED�ATOMS�CAN�BE
PASSED� THROUGH� AN� ENERGY� FILTER� AND� A�MASS� SPECTROMETER
� GIVING� AN� ÀION� COUNT� RATE
VERSUS� TIMEÁ� INFORMATION�� 4HE� TIME� CAN� THEN� EASILY� BE� TRANSLATED� INTO� A� DEPTH� BY
MEASURING�THE�CRATER�DEPTH�AND�ASSUMING�A�CONSTANT�SPUTTER�RATE��4HE�ANALYSIS�OF�THE�ION
COUNT� RATE� IS� MORE� DIFFICULT� AND� INVOLVES� CALIBRATION� STANDARDS� WITH� A� KNOWN
CONCENTRATION�OF� IMPURITIES��(ERE
� THE� ION� COUNT� RATE� FOR� A� GIVEN� CONCENTRATION� IN� THE
SOLID�DEPENDS�STRONGLY�ON�THE�SURROUNDING�MATRIX��4HE�3)-3�MEASUREMENTS�ANALYSED�IN
THIS� THESIS� WERE� PERFORMED� BY� EXTERNAL� 3)-3� LABORATORIES�
� WHERE� 'A3B�� AND
	ÌL

���
'A

���

3B�CALIBRATION�STANDARDS�FOR�SILICON
�CARBON�AND�OXYGEN�HAD�BEEN�PREPARED�BY

ION�IMPLANTATION�

7HEN�ELECTRICALLY�ACTIVE�DOPANTS�ARE�ANALYSED
�IT�MUST�BE�CONSIDERED�THAT�3)-3�MEASURES
THE�UPUBM� IMPURITY�DENSITY�AND�NOT�THE�ELECTRICALLY�ACTIVE�CONCENTRATION��4HE�COMPARISON
BETWEEN�(ALL�� AND�3)-3�MEASUREMENTS� CAN� THEREFORE�PROVIDE� VALUABLE� INFORMATION�ON
COMPENSATION�RATIOS�	SECTION������
�

Ì� LIMITATION� OF� THE�METHOD� IS� ÀTAILINGÁ��7HEN� SPUTTERING� FROM�A� HIGHLY� CONTAMINATED
REGION�INTO�A�VERY�PURE�REGION�OF�THE�SAMPLE
�THE�CRATER�WALLS�CONTAIN�THE�ENTIRE�IMPURITY
PROFILE� AND�ANY� STRAY� SIGNAL�WILL� CONTRIBUTE� TO� THE�DESIRED� CRATER� FLOOR� SIGNAL�� ,IKEWISE

MATERIAL�FROM�THE�CRATER�EDGES�CAN�BE�DEPOSITED�ON�THE�CRATER�FLOOR
�THEREBY�LEADING�TO
AN�ENHANCED�COUNT�RATE��3POT�FOCUS�AND�ION�COUNT�RATE�ARE�TWO�IMPORTANT�PARAMETERS�IN
THIS�CONTEXT��4HE�RELATED�EFFECT�CAN�BE�OBSERVED�IN�THE�3)-3�PROFILE�SHOWN�IN�FIGURE������

�������������������������������������������
� &RAUNHOFER )NSTITUTE FOR ÌPPLIED 3OLID 3TATE 0HYSICS
 &REIBURG
 'ERMANY

24' -IKROANALYSE 'MB(
 "ERLIN
 'ERMANY
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)N�THIS�SECTION�A�BRIEF�SUMMARY�OF�THE�-/60%�OF�)))�ANTIMONIDES�WILL�BE�GIVEN��0ARTICULAR
ATTENTION�WILL�BE�DRAWN�TO�THE�ADDITIONAL�DIFFICULTIES�THAT�OCCUR�IN�COMPARISON�TO�'AÌS�
OR�)N0�BASED�MATERIALS�

4HE� MAJOR� DIFFERENCE� BETWEEN� ARSENIDES� AND� PHOSPHIDES� ON� THE� ONE� HAND� AND
ANTIMONIDES�ON�THE�OTHER�HAND� IS� THE� LOW�VAPOUR�PRESSURE�OF�3B�SPECIES�OVER�A�CRYSTAL
SURFACE�AT�TYPICAL�GROWTH�TEMPERATURES��4HIS�SMALL�VOLATILITY�OF�ANTIMONY�CAN�EASILY� LEAD
TO�NONSTOICHIOMETRIC�GROWTH
� I�� E�� TO� THE� FORMATION�OF� SOLID�3B�ON� THE�GROWTH� SURFACE
;��=�� ÌS� A� CONSEQUENCE
� THE� GROUP� 6� PRESSURE� FOR� ANTIMONIDES� HAS� TO� BE� ACCURATELY
CONTROLLED�IN�A�VERY�NARROW�RANGE�OF�6�)))�RATIOS�NEAR�UNITY�;�=�

4HE�GROUP�6�HYDRIDE�	I��E��STIBINE
�3B(
�

�IS�TOO�UNSTABLE�FOR�A�SUCCESSFUL�USE�IN�-/60%�

4HEREFORE� ALKYL� ANTIMONY� COMPOUNDS� ARE� GENERALLY� USED� AS� GROUP� 6� SOURCES�� ÌS� THE
ATOMIC� HYDROGEN� FROM� THE� ARSINE��PHOSPHINE�DECOMPOSITION� IN� A� STANDARD� -/60%
PROCESS� IS� VERY� IMPORTANT� FOR� THE� SATURATION� OF� ORGANIC� RADICALS� THAT� ARISE� FROM� THE
DECOMPOSITION�OF�THE�GROUP�)))�PRECURSORS
�THE�RELATED�LACK�OF�ATOMIC�HYDROGEN�IN�THE�3B�
PROCESS� WILL� OBVIOUSLY� LEAD� TO� PROBLEMS� OF� CARBON� INCORPORATION� ESPECIALLY� FOR
COMPOUNDS�CONTAINING�ALUMINIUM�

"OTH�THE� LACK�OF�A�STABLE�HYDRIDE�AND� THE� LOW�VAPOUR�PRESSURE�OF�3B�SPECIES� LEAD� TO�A
PARTICULAR�PROBLEM�CONCERNING�THE�DESORPTION�OF�OXIDES� FROM�SUBSTRATE� SURFACES�DURING
THE�INITIAL�STAGES�OF�A�GROWTH�RUN��4HIS�WILL�BE�DISCUSSED�IN�MORE�DETAIL�IN�THE�FOLLOWING
SECTION�������

)N�ACCORDANCE�WITH�THEIR�LOW�MELTING�POINTS
�THE�GROWTH�TEMPERATURES�OF�)))�ANTIMONIDES
ARE� MUCH� LOWER� THAN� IN� THE� CASE� OF� ÌS�� OR� 0�BASED� COMPOUNDS�� #ONSEQUENTLY
� THE
STANDARD�PRECURSORS�4-'A�AND�4-ÌL�LEAD�TO�GROWTH�IN�THE�KINETICALLY�CONTROLLED�REGIME

WHERE�THEIR�INCOMPLETE�PYROLYSIS�DETERMINES�THE�GROWTH�RATE�OF�THE�CRYSTAL��4HIS�CAN�LEAD
TO� MAJOR� INHOMOGENEITIES� OF� THE� CRYSTAL� COMPOSITION� AND� WAS� SHOWN� TO� PREVENT� THE
SUCCESSFUL� DEPOSITION� OF� 	ÌL'A
3B� WITH� 4-ÌL� 	SEE� SECTION� �����
�� Ì� SOLUTION� FOR� THIS
PROBLEM�IN�THE�CASE�OF�GALLIUM�IS�THE�EMPLOYMENT�OF�4%'A�INSTEAD�OF�4-'A��)N�THE�CASE
OF�ALUMINIUM
�THERE�IS�NO�GENERALLY�ACCEPTED�SOLUTION�FOR�THE�PROBLEM��Ì�MORE�DETAILED
SUMMARY� WILL� BE� GIVEN� IN� SECTION� ���� BECAUSE� THE� SEARCH� FOR� A� SUITABLE� ALUMINIUM
PRECURSOR�FOR�THE�GROWTH�OF�	ÌL'A
3B�IS�ONE�OF�THE�MAJOR�SUBJECTS�OF�THIS�CHAPTER�

0RECURSORS� THAT�DECOMPOSE�AT� LOWER� TEMPERATURES� THAN� THE�STANDARD�PRECURSORS�WILL�AT
THE�SAME�TIME�HAVE�A�HIGHER�REACTIVITY��4HUS
�WHEN�A�PRECURSOR�IS�MATCHED�TO�THE�DESIRED
GROWTH� TEMPERATURE� REGIME� IT� WILL� OFTEN� ALSO� GIVE� SEVERE� PROBLEMS� CONCERNING� PRE�
REACTIONS�AND�PRE�DEPOSITION��4HERE�ARE�A�SEVERAL�INTERESTING�REPORTS�ON�THE�CHOICE�OF�THE
ANTIMONY
�GALLIUM�AND�ALUMINIUM�PRECURSORS� IN�THE� LITERATURE
�E�G�� ;��
���
���
���
���

���
����
����=���4HE�MOST�SUITABLE�PRECURSOR�COMBINATION�IS�STILL�NOT�CLEARLY�IDENTIFIED�
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)N� ADDITION� TO� THE� ABOVE� MENTIONED� -/60%�RELATED� POINTS
� THERE� ARE� SEVERAL� MORE
UNEXPECTED�CHALLENGES�RELATED�TO�THE�MATERIAL�CHARACTERISATION�AND�DEVICE�PROCESSING�
.OT�INTENTIONALLY� DOPED�'A3B� IS� ALWAYS�HIGHLY� P�TYPE� DUE� TO� A� NATIVE� ACCEPTOR� DEFECT
	SEE�SECTION������
��#ORRESPONDINGLY
�SEMI�INSULATING�'A3B�SUBSTRATES�ARE�NOT�AVAILABLE�
%PITAXIAL�STRUCTURES�FOR�(ALL�CHARACTERISATION�ARE�THEREFORE�USUALLY�GROWN�ON�HIGHLY�LATTICE�
MISMATCHED� SEMI�INSULATING�'AÌS�� "ESIDES
� AS� THE�WORK� FUNCTION� OF� A� UNDOPED�'A3B
SURFACE�DOES�NOT�ALLOW�A�3CHOTTKY�BARRIER�TO�BE�FORMED�;�=
�#6�MEASUREMENTS�CAN�NOT
BE�PERFORMED�NEITHER� IN�AN�ELECTROCHEMICAL�ETCH�PROFILER�NOR�BY�USE�OF�METAL�CONTACTS�
$UE�TO�THE�LOW�BAND�GAP�OF�'A3B�THE�PHOTOLUMINESCENCE�OF�THE�MATERIAL�IS�DIFFICULT�TO
DETECT�� 5SUALLY
� THE� HIGH� ENERGY� PEAKS� OF� THE� SPECTRUM� CAN� BE� RESOLVED� WITH� A
GERMANIUM�DETECTOR�AT���+�WHEN� THE�SAMPLE� IS�HELD�AT�HELIUM�TEMPERATURE��-IXTURES
ON� THE� GROUP� 6� SUBLATTICE� SHOW� SEVERE� MISCIBILITY� GAPS�� 4HERE� IS� A� SIGNIFICANT� LATTICE
MISMATCH�BETWEEN�'A3B�AND�	ÌL'A
3B
�SO�THE�RESULTING�STRAIN�IN�ALUMINIUM�CONTAINING
COMPOUNDS�HAS�TO�BE�COMPENSATED�BY�THE�ADDITION�OF�ARSENIC��4HE�AMPHOTERIC�GROUP�)6
ELEMENTS�SILICON�AND�GERMANIUM�CAN�NOT�BE�USED�AS�N�TYPE�DOPANTS� IN�ANTIMONIDES�� )N
THIS�CONTEXT
�ONLY�3N�IS�SOMETIMES�APPLIED�AS�DONOR�DOPANT�	SEE�SECTION�������
��&INALLY

SELECTIVE�ETCHING�BETWEEN�'A3B�AND�	ÌL'A
3B�HAS�NEVER�BEEN�REPORTED�� )N�SUMMARY
�A
RESEARCHER�WHO� IS�EXPERIENCED�WITH�'AÌS��OR� )N0�BASED�MATERIALS�WILL� ENCOUNTER�MANY
UNEXPECTED�CHALLENGES� IN�THE�FIELD�OF�THE�ANTIMONIDES�� )T� IS�NOT�SURPRISING�THAT�AN�ANTI�
MONIDE�BASED�-/60%�GROWN�LASER�STRUCTURE�WAS�NOT�REPORTED�UNTIL������	REF�����IN�;�=
�

��� .071&�PG�(B4C
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4HE�EPITAXY�OF�HIGH�QUALITY� )))�6� SEMICONDUCTORS�DEPENDS�ON�A�COMPLETE� REMOVAL�OF�ALL
IMPURITIES� AND� OXIDE� LAYERS� PRESENT� ON� THE� SUBSTRATE� SURFACE� PRIOR� TO� GROWTH�� 'AÌS�
SUBSTRATES� ARE� NOWADAYS� USUALLY� SOLD� AS� ÀEPIREADYÁ
� I�� E�� A� PRE�GROWTH� WET�CHEMICAL
TREATMENT� SHOULD� NO� LONGER� BE� NECESSARY� IN� MOST� CASES�� 4HIS� IS� ACHIEVED� BY� THE
PREPARATION�OF�A�WELL�DEFINED�THIN�	^��NM�;�=
� LAYER�OF�OXIDE�BY�THE�MANUFACTURER�AFTER
THE�SURFACE�HAS�BEEN�POLISHED�AND�WASHED��4YPICAL�OXIDES�WOULD�BE�ÌS

�
/

�

�'A

�
/

�

�AND

'A
�
/
� WHICH� CAN� THEN� BE� DESORBED� AT� ELEVATED� TEMPERATURES� IN� THE� GROWTH

ENVIRONMENT��7HILST�ÌS
�
/

�
�AND�'A

�
/�CAN�BE�DESORBED�AT�TEMPERATURES�AROUND����l#


'A
�
/

�
�IS�DESORBED�AT�HIGHER�TEMPERATURES�AROUND����l#�AND�ABOVE�	;�=�AND�REFERENCES

THEREIN
��)T�WAS�SHOWN�THAT�THE�DESORPTION�TEMPERATURES�CAN�BE�SIGNIFICANTLY�LOWER�WHEN
TERTIARYBUTYLARSINE�IS�PRESENT�IN�THE�-/60%�ENVIRONMENT�;�=��4HIS�IS�USUALLY�ATTRIBUTED�TO
THE�EVOLUTION�OF�REACTIVE�ATOMIC�HYDROGEN�FROM�THE�PYROLYSIS�OF�THE�GROUP�6�HYDRIDE�� )T
HAS� BEEN� SHOWN� THAT� ATOMICALLY� RESOLVED� TERRACES� CAN� BE� FOUND�ON� THE� SURFACE� IF� THE
OXIDE� HAS� BEEN� REDUCED� UNDER� 4"ÌS�� /N� THE� OTHER� HAND
� MERELY� HEATING� UP� THE
SUBSTRATE� IN�MOLECULAR�HYDROGEN�AND�ALLOWING� THE�OXIDE� TO�DESORB�DOES�NOT�GIVE� SUCH
HIGH�QUALITY�SURFACES�	REF����IN�;�=
�

)N�CONTRAST�TO�'AÌS
�'A3B�SUBSTRATES�ARE�NOT�AVAILABLE�AS�ÀEPIREADYÁ��4HE�REACTIVE�NATURE
OF� THE�'A3B�SURFACE� LEADS� TO�A� RAPID� FORMATION�OF�A�NATIVE�OXIDE� LAYER� IN�CONTACT�WITH
(

�
/�OR�AIR��$UE�TO�THE�LACK�OF�AN�ANTIMONY�PRECURSOR�THAT�WOULD�PYROLYSE�TO�GIVE�ATOMIC

HYDROGEN
� THE� SUBSTRATE� OXIDE� CAN� NOT� BE� REDUCED� IN� THE� GROWTH� ENVIRONMENT� AND
DEOXIDATION�MUST�BE�EVAPORATIVE��ÌS�A�CONSEQUENCE
�A�WET�CHEMICAL�OXIDE�REMOVAL�PRIOR
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TO�GROWTH�IS�USUALLY�CARRIED�OUT��(ERE
�IT�IS�QUITE�DIFFICULT�TO�PRODUCE�A�HIGH�QUALITY�'A3B
SURFACE�FOR�SUBSEQUENT�EPITAXIAL�GROWTH�AND�THE�RELATED�RECIPES�ARE�USUALLY�LABORIOUS�;��

��
� ��=�� 6ERY� GOOD� RESULTS� HAVE� BEEN� PUBLISHED� FOR� A� TREATMENT� WHICH� INVOLVES
CONCENTRATED�(#L� TO� REMOVE� THE� NATIVE� OXIDE
� ETCHING� IN� "R

�
�(#L�(./

�
#(

�
#//(� AND

FINALLY�RINSING�IN���PROPANOL�;���=�� )N�A�WIDELY�USED�SIMPLIFICATION�OF�THIS�RECIPE�THE�"R
�
�

(#L�(./
�
#(

�
#//(�STEP�IS�OFTEN�OMITTED��)T�IS�IMPORTANT�TO�NOTE�THAT�THE�USE�OF�WATER

MUST� BE� AVOIDED� AFTER� THE� OXIDE� REMOVAL� DUE� TO� THE� RAPID� RE�OXIDATION� OF� 'A3B� IN
CONTACT�WITH�(

�
/�

4HE� 'A3B� SUBSTRATES� USED� IN� THIS� WORK� WERE� TREATED� WITH� CONCENTRATED� (#L� FOR� ��S�
ÌFTERWARDS
� THEY� WERE� RINSED� IN� A� ��STEP� ��PROPANOL� CASCADE� AND� THEN� IMMEDIATELY
TRANSFERRED�INTO�A�NITROGEN�GLOVEBOX�ATMOSPHERE��"EFORE�GROWTH�THEY�WERE�ANNEALED�FOR
���MINUTES�AT����l#�UNDER�A�SMALL�FLOW�OF�4-3B�IN�HYDROGEN�AS�CARRIER�GAS��(OWEVER

3)-3� EXPERIMENTS� GENERALLY� SHOWED� VERY� STRONG� OXYGEN� AND� CARBON� PEAKS� AT� THE
EPILAYER�SUBSTRATE�INTERFACE��#ONSEQUENTLY
� THE� EMPLOYED�PREPARATION�METHOD�MUST� BE
IMPROVED�� (ERE
� IN�SITU� PROCEDURES� ARE� GENERALLY� PREFERRED� TO� EX�SITU� WET�CHEMICAL
PREPARATIONS��4HEREFORE� THE� THERMAL�DESORPTION�OF� THE�NATIVE�OXIDE� LAYER�ON�'A3B�WAS
ANALYSED�IN�DETAIL�BY�SURFACE�PHOTOABSORPTION�	30Ì
�

4HE�PRINCIPLE�OF�30Ì�WAS�EXPLAINED�IN�SECTION��������7HEN�PERFORMED�AT�OR�CLOSE�TO�THE
"REWSTER�ANGLE
�THE�30Ì�SIGNAL�IS�HIGHLY�SURFACE�SENSITIVE��#ONSEQUENTLY
�ONE�OF�THE�AREAS
WHERE� 30Ì� CAN� BE� OF� CRUCIAL� ASSISTANCE� IS� IN�SITU� MONITORING� OF� THE� DEOXIDATION� OF
SUBSTRATES�� 4HE� RELATED� LITERATURE� FOCUSES� ON� THE�DEOXIDATION� OF�'AÌS� ;�
� �
� ��=�WHILE
LITTLE� INFORMATION� ON� OTHER� TYPES� OF� SUBSTRATES� IS� AVAILABLE�� &OR� 'AÌS
� THE� HIGH
TEMPERATURE� OPTICAL� CONSTANTS� HAVE� BEEN� DETERMINED� AND� THE� MEASURED� 30Ì�SIGNALS
COULD� WELL� BE� EXPLAINED� AND� SIMULATED� AS� A� FUNCTION� OF� TEMPERATURE� AND� ANGLE� OF
INCIDENCE� ;�=�� 4HE� DATA� SHOWN� IN� ;�=� SUGGEST� THAT� THE� P�POLARISED� REFLECTIVITY� AT� THE
OPTIMUM�ANGLE�OF�INCIDENCE�	�I��E��CLOSE�TO�THE�"REWSTER�ANGLE
�IS�APPROXIMATELY�A�LINEAR
FUNCTION�OF�THE�THICKNESS�OF�THE�OXIDE�ON�THE�'AÌS�SUBSTRATE�SURFACE��4HE�FOLLOWING�30Ì
SPECTRA� OF� 'A3B� WILL� BE� INTERPRETED� ON� THIS� BASIS�� &IGURE� ���� SHOWS� THE� 30Ì� OPTICAL
RESPONSE�OF�TWO�DIFFERENT�'A3B�SURFACES�

4HE� TWO�GRAPHS� IN� FIGURE����� EACH� CONTAIN� THE� FOLLOWING�EXPERIMENTS�� 4HE�BLACK� SOLID
LINES� 	30Ì�����
�30Ì�����
�SHOW�THE�30Ì�OPTICAL� RESPONSE�OF� THE� RESPECTIVE� SUBSTRATE
TAKEN�DIRECTLY�FROM�THE�BOX�INTO�THE�REACTOR��4HE�RELATED�TEMPERATURE�IN�THE�HEATING�AND
COOLING� CYCLES� ARE� ALSO� SHOWN�� )T� IS� WORTH� NOTING� THAT� THE� 30Ì� ����� REPRESENTS� THE
STANDARD�ANNEALING�PROCEDURE�WHICH�WAS�EMPLOYED�FOR�THE�LAYERS�OF�ALL�CHAPTERS�OF�THIS
WORK�� )T� CAN� BE� SEEN
� THAT� A� SHARP� DROP� OF� THE� 30Ì� INTENSITY� OCCURS� AT� A� FIXED
TEMPERATURE�OF����l#��4HIS�TEMPERATURE�WAS�FOUND�TO�BE�INDEPENDENT�OF�THE�SUBSTRATE
ORIENTATION
� THE� SUBSTRATE�MANUFACTURER� AND� THE� FINAL� VALUE� OF� THE� TEMPERATURE� RAMP�
"ASED�ON�THE�EARLIER�WORK�ON�'AÌS
�THIS�DROP�IS�INTERPRETED�AS�A�RAPID�OXIDE�DESORPTION
PROCESS�� 4HE� SECOND�PEAK� IN� THESE� SPECTRA� IS� NOT� FULLY� UNDERSTOOD�� )T� USUALLY� OCCURRED
WHEN� THE� 4�RAMP� REACHED� ITS� MAXIMUM� AND� A� FIXED� TEMPERATURE� WAS� HELD� CONSTANT

INDEPENDENT� OF� THE� ACTUAL� VALUE�� 4HE� CHANGE� OF� THE� RATE� OF� THE� TEMPERATURE� INCREASE
SEEMS�TO�INDUCE�A�CHANGE�OF�THE�30Ì�OPTICAL�RESPONSE��4HIS�EFFECT�OCCURRED�ONLY�WHEN
THICK�OXIDES�WERE�BEING�DESORBED��OTHERWISE�THE�PEAK�DID�NOT�APPEAR�
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4HE�MEASUREMENTS�SHOWN�IN�GREY�DOTS�	30Ì�����
�30Ì�����
�REPRESENT�DIRECT�RE�RUNS�OF
THE� HEATING� CYCLE� WITHOUT� ANY� EXPOSURE� OF� THE� SUBSTRATES� TO� AIR�� ÌS� EXPECTED
� A
DEOXIDATION�DROP�OF�THE�30Ì�INTENSITY�CAN�NOT�BE�OBSERVED�

)N�ORDER� TO�CONFIRM�THE�ABOVE�HYPOTHESIS
� THE�SUBSTRATES�WERE� THEN�EXPOSED� TO�AIR� FOR
TWO� DAYS� AND� THE� EXPERIMENT� WAS� REPEATED� 	30Ì� ����
� 30Ì� ����
�� 4HE� RELATED
FORMATION�OF�AN�OXIDE�LAYER�WAS�CONFIRMED�BY�THE�RE�OCCURRENCE�OF�THE�DEOXIDATION�DROP
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IN�BOTH�30Ì�OPTICAL�RESPONSES��4HE�DROP�NOW�OCCURRED�AT�A�LOWER�TEMPERATURE�OF�ABOUT
���l#
�POSSIBLY�INDICATING�A�DIFFERENT�CHEMICAL�COMPOSITION�OF�THE�FRESH�	AND�THIN
�OXIDE
COMPARED� TO� OLDER� 	AND� THICKER
� OXIDE� LAYERS�� 4HE� SAME� EFFECT� HAS� BEEN� REPORTED� FOR
'AÌS�;��=��(ERE�IT�SHOULD�ALSO�BE�NOTED�THAT�	DUE�TO�A�LIMITED�REPRODUCIBILITY�OF�THE�30Ì
SETTING� OVER� A� PERIOD� OF� SEVERAL� DAYS
� THE� MEASUREMENT� SHOULD� NOT� BE� COMPARED� IN
ABSOLUTE�TERMS�WITH�THE�MEASUREMENTS�THAT�HAD�BEEN�PERFORMED�TWO�DAYS�BEFORE�

'IVEN�THE�ABOVE�RESULTS
�IT�CAN�BE�CONCLUDED�THAT�THE�OBSERVED�DROP�OF�THE�30Ì�OPTICAL
RESPONSE� CAN� INDEED� BE� RELATED� TO� A� DESORPTION� OF� AN� OXIDE� LAYER� ON� THE� SUBSTRATE
SURFACE�� 4HE� INTENSITY� CONTINUES� TO� DROP� SLOWLY� WHEN� THE� TEMPERATURE� IS� HELD� AT� A
CONSTANT�VALUE��4HIS�BEHAVIOUR�SUGGESTS�THAT�THE�DEOXIDATION�PROCESS�CONTINUES�FOR�MANY
MINUTES��$UE� TO� THE� LACK�OF�A� STABLE�ANTIMONY�HYDRIDE�PRECURSOR� THIS� RESULT�HAD� TO�BE
EXPECTED�BECAUSE�THE�SUBSTRATE�OXIDE�CAN�NOT�BE�RAPIDLY�REDUCED�WITH�ATOMIC�HYDROGEN
AND�DEOXIDATION�MUST�TAKE�PLACE�MERELY�EVAPORATIVE�INSTEAD�

)N� THE� FOLLOWING
� THE�DEOXIDATION�PROCESS�WAS� ANALYSED� AS� A� FUNCTION� OF� TEMPERATURE�
'A3B�SUBSTRATES�WERE�HEATED�UP�TO�TEMPERATURES�CFMPX�THE�POINT�OF�RAPID�DEOXIDATION
	^���l#
�AND� THE� RESULTING� SLOW�DECREASE�OF� THE� 30Ì�OPTICAL� RESPONSE�WAS�MEASURED�
4HE�FOLLOWING�FIGURE�����PRESENTS�THE�30Ì�DATA
�WHERE�THE�SPECTRA�WERE�NORMALISED�TO
HAVE�THE�SAME�INTENSITY�AT����l#�

Ì� SLOW� DEOXIDATION� PROCESS� IS� OBSERVED� AND� THE� DECREASE� OF� THE� 30Ì� SIGNAL� IS� A
REASONABLY�LINEAR�FUNCTION�OF�TIME��4HE�REDUCTION�RATE�OF�THE�30Ì�SIGNAL�CAN�THEREFORE�BE
ANALYSED�IN�AN�ÌRRHENIUS�PLOT�	FIGURE����
��ÌPART�FROM�THE�TWO�HIGHEST�TEMPERATURES
�AN
ACTIVATED�BEHAVIOUR�WITH�CONSTANT�ACTIVATION�ENERGY�IS�CONFIRMED��4HE�SLOPE�OF�THE�CURVE
CORRESPONDS� TO� AN� ACTIVATION� ENERGY�OF��� E6�� 4HE� CORRESPONDING�EXPERIMENT� FOR�'AÌS
HAS�BEEN�REPORTED�TO�GIVE�A�VALUE�OF���E6�;�=��Ì�POSSIBLE�EXPLANATION�FOR�THE�HIGHER�VALUE
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IN�THE�CASE�OF�'A3B�IS�BASED�ON�THE�DIFFERENT�VAPOUR�PRESSURES�OF�ARSENIC�AND�ANTIMONY
AT� ELEVATED� TEMPERATURES�� ÌS� ALREADY�MENTIONED� ABOVE
� IN� THE� CASE� OF�'AÌS� THE�ÌS)))�
OXIDE�ÌS

�
/

�
�DESORBS�AT�COMPARABLY�LOW�TEMPERATURES��(ERE
�THE�FOLLOWING�MECHANISM�IS

BELIEVED�TO�TAKE�PLACE�

↑+→+ 43232 2 AsOGaGaAsOAs

ÌCCORDINGLY
� THE� ACTIVATION� ENERGY� OF� �E6� REPORTED� IN� ;�=� IS� BELIEVED� TO� REPRESENT� THE
DESORPTION�OF�THE�GALLIUM�OXIDE�'A

�
/

�
��ÌSSUMING�THE�PRESENCE�OF�THE�ANALOGOUS�OXIDES

ON�'A3B�	I��E��3B
�
/

�
�AND�'A

�
/

�

�AND�A�CORRESPONDING�REACTION

SbOGaGaSbOSb 42 3232 +→+

THE�RESULTING�ELEMENTAL�ANTIMONY�WILL�OPU�DESORB�READILY�FROM�THE�SURFACE�DUE�TO�ITS�LOW
VAPOUR�PRESSURE��4HEREFORE�THE�DESORPTION�OF�'A

�
/

�
�FROM�'A3B�WILL�BE�HINDERED�BY�THE

PRESENCE� OF� ELEMENTAL� ANTIMONY
� LEADING� TO� A� HIGHER� ACTIVATION� ENERGY� OF� THE� OVERALL
REACTION�� ÌNOTHER� INTERPRETATION� OF� A� 'A3B�REFLECTANCE� DROP� IN� THE� SAME� TEMPERATURE
RANGE�IS�GIVEN�IN�;���=
�WHERE�THE�DESORPTION�OF�ELEMENTAL�ANTIMONY�IS�SUGGESTED�TO�BE
RESPONSIBLE�� 7HILE� SUCH� A� RAPID� DESORPTION� OF� ELEMENTAL� 3B� WOULD� BE� SURPRISING

NEVERTHELESS�A�NECESSITY�FOR�FURTHER�RESEARCH�ON�IN�SITU�'A3B�PREPARATION�IS�UNDERLINED�

4HE�ABOVE�RESULTS�CAN�BE�SUMMARIZED�AS�FOLLOWS�
� 4HE�30Ì�OPTICAL� RESPONSE�OF�A�'A3B� SUBSTRATE� SHOWS�A� CHARACTERISTIC�DROP�BETWEEN

���l#�AND����l#�WHICH�CAN�BE�ATTRIBUTED�TO�THE�DESORPTION�OF�A�NATIVE�OXIDE�LAYER�
� 4HE� 30Ì� SIGNAL� SUGGESTS� THAT� THE� DESORPTION� PROCESS� CONTINUES� AT� SMALL� RATES� OVER

MANY�MINUTES�
� 4HE�OBSERVED�ACTIVATION�ENERGY�IS�EVEN�HIGHER�THAN�IN�THE�CASE�OF�'AÌS�
� 4HE�DIFFICULT�'A3B�DEOXIDATION�IS�BELIEVED�TO�BE�BASED�ON
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A
� THE�LACK�OF�STABLE�ANTIMONY�HYDRIDE�PRECURSOR�	WHICH�WOULD�BE�ABLE�TO�REDUCE�THE
OXIDE�WITH�ATOMIC�HYDROGEN

�AND

B
 THE�LOW�VAPOUR�PRESSURE�OF�ANTIMONY�AT�TYPICAL�GROWTH�TEMPERATURES�	WHICH�IS�
BELIEVED�TO�HINDER�THE�OVERALL�DESORPTION�PROCESS
�

ÌS�ALREADY�MENTIONED�ABOVE
�3)-3�EXPERIMENTS� SHOWED�A� VERY� STRONG�OXYGEN�PEAK�AT
THE�EPILAYER�SUBSTRATE�INTERFACE�FOR�THE�LAYERS�GROWN�IN�THIS�WORK�DESPITE�A�VERY�THOROUGH
WET�CHEMICAL�OXIDE�REMOVAL�AND�A�SUBSEQUENT�IN�SITU�OXIDE�DESORPTION�PROCEDURE��4HESE
OXYGEN� IMPURITIES� ACT� AS� DEEP� RECOMBINATION� CENTRES� FOR� MINORITY� CARRIERS�� 4HIS� IS
UNDERLINED� BY� THE� FACT� THAT� THE� PHOTOLUMINESCENCE� INTENSITY� OF� 'A3B� LAYERS� COULD� BE
HIGHLY� IMPROVED� BY� A� HIGH�BANDGAP� BUFFER� LAYER� WHICH� KEEPS� OPTICALLY� GENERATED
MINORITY�CARRIERS�AWAY�FROM�THE�EPILAYER�SUBSTRATE�INTERFACE�

/BVIOUSLY� NOVEL� METHODS� SHOULD� BE� DEVELOPED� FOR� AN� IMPROVED� 'A3B� SUBSTRATE
PREPARATION�� /NE� POSSIBLE� APPROACH� IS� THE� IN�SITU� GENERATION� OF� ATOMIC� HYDROGEN
� FOR
EXAMPLE�BY�A�SIMPLE�THERMAL�CRACKER��0ROMISING�RESULTS�HAVE�BEEN�REPORTED�IN�;��=��ÌPART
FROM� THIS
� AN� IN�SITU� ETCHING� TECHNIQUE� WOULD� BE� ANOTHER� VERY� INTERESTING� CANDIDATE�
0ARTICULARLY�TERTIARYBUTYLCHLORIDE�	4"#L
� IS�OF�HIGH� INTEREST�BECAUSE�THE�SUBSTANCE�SHOULD
NOT�BE�CORROSIVE�BEFORE�CHLORINE�RADICALS�ARE�PRODUCED�BY�THERMAL�CRACKING��)T�IS�A�LIQUID
AT�ROOM�TEMPERATURE�	VAPOUR�PRESSURE�CONSTANTS��Ì�����+
�"�������;-ERCK
�TECHNICAL
DATA� SHEET=
� AND� CAN� BE� EMPLOYED� IN� A� USUAL� BUBBLER� CONFIGURATION�� #ORRESPONDING
REPORTS� CAN� BE� FOUND� IN� THE� LITERATURE� ON� IN�SITU� ETCHING� OF� 'AÌS� 	#"%
;��=
� AND� )N0
	-/60%
�;���=
�

)N� PRELIMINARY� EXPERIMENTS� 4"#L� WAS� TESTED� FOR� 'A3B� IN�SITU� ETCHING� PURPOSES�� 'A3B
SUBSTRATES�WERE�COVERED�WITH�3I/

�
�MESA�MASKS
�AND�4"#L�WAS�ADDED�TO�THE�GAS�PHASE

FOR�SEVERAL�MINUTES�AT�TYPICAL�GROWTH�TEMPERATURES��ÌFTERWARDS
�THE�3I/
�
�WAS�REMOVED�IN

(&�AND�THE�ETCH�EDGE�WAS�ANALYSED�WITH�AN�Ì&-��4HE�DESIRED�ETCHING�COULD�INDEED�BE
ACHIEVED� IN� PRELIMINARY� EXPERIMENTS� 	SEE� FIGURE� ���
�� (OWEVER
� A� CORROSION� OF� THE
BUBBLER�WALLS�WAS�OBSERVED�AFTER� SOME�DAYS�� 4HIS� SET�BACK�WAS�MOST� LIKELY� CAUSED� BY
IMPURITIES� IN� THE�EMPLOYED�4"#L�BATCH�� )N� THE�PRESENCE�OF�ACIDIC�OR�ALKALINE� IMPURITIES
HYDROLYSIS� CAN� PRODUCE�(#L� IN� SOLUTION�WHICH�WILL� THEN� BE� CORROSIVE�� ÌS� A� CONCLUSION

THESE�PROMISING�PRELIMINARY�EXPERIMENTS�SHOULD�BE�REPEATED�WITH�A�HIGH�PURITY�BATCH�OF
4"#L�� )F�CONDITIONS�FOR�ETCHED�SURFACES�WITH�EXCELLENT�MORPHOLOGIES�CAN�BE�ESTABLISHED

THIS�WOULD�MARK�A�MAJOR�STEP�FORWARD�FOR�THE�IN�SITU�PREPARATION�OF�'A3B�SUBSTRATES�

�����������������
�������������������
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����� .PSQIPMPHZ�PG�IPNPFQJUBYJBM�(B4C

)N� ORDER� TO� OBTAIN� GOOD� SURFACE�MORPHOLOGIES� FOR� HOMOEPITAXIALLY� GROWN�'A3B�MANY
DIFFERENT�GROWTH�PARAMETERS�HAVE� TO� BE� CAREFULLY� OPTIMISED��ÌPART� FROM� THE� SUBSTRATE
PREPARATION�THE�FOLLOWING�FACTORS�WERE�FOUND�TO�HAVE�A�SIGNIFICANT�INFLUENCE�ON�THE�FILM
MORPHOLOGY��6�)))�RATIO
�SUBSTRATE�ORIENTATION�AND�GROWTH�TEMPERATURE�

ÌS� ILLUSTRATED� BY� THE� MICROGRAPHS� IN� THE� SUBSTRATE�SECTION� OF� THE� ANNEX
� EXACT� 	���

ORIENTED� SUBSTRATES� GAVE� VERY� BAD� MORPHOLOGIES� FOR� MOST� 6�)))�RATIOS�� Ì� SIGNIFICANT
IMPROVEMENT�COULD�BE�ACHIEVED�WITH�MISORIENTED�SUBSTRATES
�OF�WHICH�THE��l�TO�	���
�
ORIENTATION�WAS�THE�MOST�FAVOURABLE�

4HE� INFLUENCE� OF� THE� 6�)))�RATIO� IS� ILLUSTRATED� IN� FIGURE� ����� 6ARIOUS� 'A3B� LAYERS� WERE
GROWN�AT�DIFFERENT�6�)))�RATIOS�ON� 	���
�EXACT�ORIENTED�SUBSTRATES��4HE� LAYER�GROWN�AT�A
6�)))�RATIO�OF�����SHOWED�A�VERY�GOOD�MORPHOLOGY��	4HE�DEFECT�DEPICTED�IN�THE�FIGURE�WAS
ONLY�USED�FOR�FOCUSSING�
�ÌLL�OTHER�6�)))�RATIOS�LED�TO�A�DETERIORATION�OF�THE�SURFACE�MOR�
PHOLOGY�� 4HE� CORRESPONDING� 6�)))�RATIO� RANGE� FOR� GOOD�MORPHOLOGIES�WAS� VERY� NARROW
AND�HARDLY�REPRODUCIBLE��4HIS�EFFECT�WAS�LESS�PRONOUNCED�ON�MISORIENTED�SUBSTRATES
�BUT
SIMILARLY�EVEN�HERE�THE�BEST�MORPHOLOGIES�WERE�OBTAINED�AT�6�)))�RATIOS�AROUND���

4HE�INFLUENCE�OF�THE�GROWTH�TEMPERATURE�HAS�TO�BE�ANALYSED�TOGETHER�WITH�THE�SUBSTRATE
MISORIENTATION��7HILE�SUBSTRATES�WITH�A��l�TO�	���
Ì�MISCUT�GAVE�GOOD�MORPHOLOGIES�IN
THE� RANGE� ���l#� ���� ���l#� AND� VERY� BAD� SURFACES� AT� HIGHER� TEMPERATURES
� THEIR
COUNTERPARTS� WITH� A� �l� TO� 	���
"� ORIENTATION� GAVE� GOOD� MORPHOLOGIES� AT� ���l#� BUT
HIGHER� DEFECT� DENSITIES� AT� THE� LOWER� TEMPERATURES�� )N� ORDER� TO� DRAW� EXPERIMENTAL
CONCLUSIONS� FROM� THESE� RESULTS
� OTHER� FACTORS�MUST� AS�WELL� BE� CONSIDERED��/N� THE� ONE
HAND�A�TENDENCY�FOR�BETTER�ELECTRICAL�DATA�	MEASURED�ON�SEMI�INSULATING�'AÌS�SUBSTRATES

WAS�OBSERVED�AT�LOWER�TEMPERATURES�AROUND����l#
�WHILE�ON�THE�OTHER�HAND�THE�OPTICAL
PROPERTIES� OF�'A3B� AND� THE�GROWTH� RATES� OF� 	ÌL'A
3B�WERE�MUCH� IMPROVED� AT� HIGHER
TEMPERATURES�� 4HUS
� THE� DESIRED� PROPERTIES� OF� A� FINAL� DEVICE� STRUCTURE� HAVE� TO� BE
CONSIDERED� WHEN� A� PARTICULAR� COMBINATION� OF� GROWTH� TEMPERATURE� AND� SUBSTRATE
MISORIENTATION�IS�CHOSEN�

7�***����� 7�***�����

�
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����� (B4C�HSPXUI�SBUF

4HE� GROWTH� RATE� OF� 'A3B�WAS� DETERMINED� AT� DIFFERENT� GROWTH� TEMPERATURES� AND� 6�)))
RATIOS�� ÌS� NO� ETCH� SOLUTIONS� ARE� KNOWN� THAT� WOULD� ETCH� 'A3B� AND� STOP� ON� A� LATTICE�
MATCHED�ETCH�STOP�LAYER
�THE�ONLY�WAY�TO�GET�ACCURATE�INFORMATION�ON�THE�GROWTH�RATE�IS
THE�DEPOSITION�OF�STRUCTURAL�SUPERLATTICES�WHICH�CAN�THEN�BE�ANALYSED�BY�(2�82$�
4HE�DESIGN�OF� THESE� STRUCTURES� IS� PARTICULARLY� DIFFICULT� IN� THE� CASE�OF�'A3B�AS� SUBSTRATE
MATERIAL� BECAUSE� THERE� ARE� NO� LATTICE� MATCHED� TERNARY� MATERIALS� SUCH� AS� IN� THE
'AÌS�	ÌL'A
ÌS�� OR� 'AÌS�	'A)N
0�SYSTEM�� ÌLL� MATERIALS� THAT� ARE� REASONABLY� LATTICE
MATCHED� TO�'A3B� ARE� QUATERNARIES�WHICH� INVOLVE�MIXING� ON� BOTH� SUBLATTICES�� "ESIDES

DUE� TO� PRE�REACTIONS� BETWEEN� DIFFERENT� PRECURSORS� 	SEE� FOR� EXAMPLE� SECTION� �����
� A
MIXING� ON� THE� GROUP� )))�LATTICE� CAN� NOT� BE� USED� FOR� THE� CORRESPONDING� SUPERLATTICE
STRUCTURES� 	SEE� SECTION� �����
�� 4HUS
� 'A3B�'A	ÌS3B
�SUPERLATTICES� WERE� CHOSEN� AS� AN
ALTERNATIVE�� (OWEVER
� THE� LATTICE� CONSTANT� OF� 'A	ÌS3B
� IS� HIGHLY� MISMATCHED� TO� 'A3B
EVEN� FOR� VERY� SMALL�ÌS�CONCENTRATIONS�� 4HEREFORE
� THE� THICKNESS�OF� THE� SINGLE�'A	ÌS3B

LAYERS� AND� THE� NUMBER� OF� SUPERLATTICE� PERIODS� ARE� VERY� LIMITED� IN� ORDER� TO� PREVENT
RELAXATION��Ì�SUITABLE�STRUCTURE�WAS�DEVELOPED�WHICH�FINALLY�CONTAINED����PERIODS�OF���
NM�'A3B�AND���NM�'A	ÌS

����
3B

����

��4HIS�STRUCTURE�WAS�THEN�USED�TO�ANALYSE�THE�GROWTH

RATE�OF�'A3B�AS�A�FUNCTION�OF�TEMPERATURE�AND�6�)))�RATIO��ÌT�THE�SAME�TIME
�THE�STRUCTURE
COULD� BE� USED� TO� MEASURE� THE� ARSENIC� INCORPORATION� BEHAVIOUR�� Ì� TYPICAL� 82$
MEASUREMENT�IS�SHOWN�IN�THE�FOLLOWING�FIGURE�����

4HE� CORRESPONDING� VALUES� OF� THE� SUPERLATTICE� PERIOD� LENGTHS� FOR� 'A3B�'A	ÌS3B

SUPERLATTICES� GROWN� AT� DIFFERENT� TEMPERATURES� BUT� OTHERWISE� IDENTICAL� CONDITIONS� ARE
SHOWN�IN�FIGURE����
�INDICATING�A�CONSTANT�GROWTH�RATE�WITHIN�AN�AVERAGE�ERROR�OF������

'JHVSF����� )JHI� SFTPMVUJPO� Y�SBZ� EJGGSBDUJPO� PG�(B4C�(B	"T4C
� TVQFSMBUUJDF�� 5IF� TUSVD�
UVSF�DPOTJTUT�PG����QFSJPET��&BDI�QFSJPE�IBT�BCPVU����ON�PG�(B4C�BOE���ON
PG�(B	"T����4C����
��5IF�NFBTVSFNFOUT�TIPX�OFBSMZ�UIFPSFUJDBM�'8).lT�
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)T� CAN� THEREFORE� BE� ASSUMED� THAT� THE� 4%'A�EFFICIENCY� IS� CONSTANT� OVER� THE� RANGE� OF
EMPLOYED�TEMPERATURES� 	���l#��������l#
��&OR�'A3B� LAYERS�GROWN�AT�����oM�H
����l#
AND� A�6�)))� RATIO� OF� �� THE� RESULTING� REACTOR� EFFICIENCY� FOR� 4%'A�WAS� APPROXIMATELY� ���
NM�MMOL��4HE�CORRESPONDING�VALUE�FOR�'AÌS�GROWN�WITH�4-'A�AND�ARSINE�IN�THE�SAME
REACTOR�WAS�APPROXIMATELY�����NM�MMOL��ÌS�IT�MUST�BE�EXPECTED�TO�BE�VERY�DIFFICULT�TO
ADJUST� A� SUITABLE� DECOMPOSITION� PROFILE� FOR� THE� PRECURSOR� COMBINATION� 4%'A�4-3B� AT
���l#� IN� A� REACTOR�WHICH�WAS� ORIGINALLY� DESIGNED� FOR� THE� COMBINATION� 4-'A�ÌS(

�
� AT

MUCH�HIGHER�TEMPERATURES
�THE�ABOVE�VALUE�OF�����NM�MMOL�IS�A�VERY�SATISFYING�RESULT�

Ì�VARIATION�OF� THE�6�)))�RATIO�BETWEEN���AND���DID�NOT� INFLUENCE� THE�MEASURED�GROWTH
RATES��ÌS�A�RESULT
�SIGNIFICANT�PRE�REACTIONS�BETWEEN�4%'A�AND�4-3B�ARE�VERY�UNLIKELY��)N
ADDITION
�THE�REACTOR�EFFICIENCY�HAS�PROVEN�TO�BE�RELIABLY�STABLE�OVER�SEVERAL�MONTHS�

����� &MFDUSJDBM�QSPQFSUJFT��6OEPQFE�BOE�5F�EPQFE�(B4C

4HE� TRANSPORT� PROPERTIES� OF� 'A3B� ARE� RATHER� UNUSUAL� COMPARED� TO� MOST� OTHER� )))�6
SEMICONDUCTORS�� &IRSTLY
� AS�GROWN� CRYSTALS� CONTAIN� VERY�HIGH� CONCENTRATIONS� OF� A� NATIVE
ACCEPTOR�DEFECT��3ECONDLY
�,�MINIMA� IN�THE�CONDUCTION�BAND� LIE�ENERGETICALLY�VERY�NEAR
THE� Γ � MINIMUM� AND� CONTRIBUTE� SIGNIFICANTLY� TO� THE� TRANSPORT� BEHAVIOUR� AT� ELEVATED
TEMPERATURES��ÌS�INTENTIONALLY�P�DOPED�LAYERS�WILL�BE�ANALYSED�IN�DETAIL�IN�CHAPTER��
�THIS
SECTION�������WILL� FOCUS�ON� THE�ELECTRICAL�DATA�OF�NOT� INTENTIONALLY�DOPED�AND� TELLURIUM
DOPED�'A3B�

4HE�NATIVE�ACCEPTORS�	.Ì¾S
�WHICH�DOMINATE�NOT�INTENTIONALLY�DOPED�'A3B�ARE�BELIEVED
TO�BE�BASED�ON�A�GALLIUM�VACANCY�GALLIUM�ANTISITE�COMPLEX�	6

'A

�'A

3B

��4HE�FORMATION�OF

'JHVSF����� 4VQFSMBUUJDF� QFSJPET� PG� (B4C�(B	"T4C
� TVQFSMBUUJDFT� HSPXO� BU� EJGGFSFOU
UFNQFSBUVSFT� CVU� PUIFSXJTF� JEFOUJDBM� DPOEJUJPOT�� 5IF� SFTVMUT� JOEJDBUF� BU
DPOTUBOU�FGGJDJFODZ�PG�5&(B�JO�UIF�UFNQFSBUVSF�SBOHF�����$���������$�
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THIS�DEFECT�CAN�BE�EXPECTED�TO�BE�ENHANCED�BY�A�DEFICIENCY�OF�ANTIMONY�DURING�GROWTH�
4HIS�ASSUMPTION�WAS�CONFIRMED�IN�GROWTH�EXPERIMENTS�FROM�NONSTOICHIOMETRIC�MELTS��Ì
BRIEF�SUMMARY�OF�RELATED�PAPERS�CAN�BE�FOUND�IN�;���=��4HE�NATIVE�ACCEPTOR�DEFECT�HAS
BEEN�ESTABLISHED�TO�BE�A�DOUBLY�IONIZABLE�ACCEPTOR�WITH�IONIZATION�ENERGIES�OF�ABOUT���
AND�����ME6�	;��=
� ;��=�AND�REFERENCES�THEREIN
��4HE� IONIZED�STATE�CAN�BE�OBSERVED� IN
0,�EXPERIMENTS� AT� HIGHER� TEMPERATURES��ÌT� LOW� TEMPERATURES
� THE� &ERMI� LEVEL� IS� BELOW
THE�ACCEPTOR�LEVEL
�NO�THERMAL�RELEASE�OF�HOLES�OCCURS
�THE�.Ì¾S�ARE�NEUTRAL
�AND�ONLY�THIS
NEUTRAL� STATE� CAN� BE� SEEN� IN� THE� 0,�� )F� THE� TEMPERATURE� IS� INCREASED
� THE� &ERMI� LEVEL
MOVES�UPWARDS�AND� THE�NATIVE� ACCEPTORS�GET� IONISED� TO� −NA ��(OWEVER
� AS� THE�NATIVE
ACCEPTOR� HAS� THE� ABILITY� TO� BIND� UXP� HOLES
� A� $Ì0� 	�� DONOR� ACCEPTOR� PAIR
� TRANSITION
INVOLVING� THE� −NA �STATE� CAN�NOW�BE�OBSERVED� ;��=�� )N� TRANSPORT� 	I�� E��MAJORITY� CARRIER

EXPERIMENTS�OF�UNDOPED�SAMPLES�THIS�DEEP�LYING�SECOND�ACCEPTOR�LEVEL�IS�NOT�OBSERVED�AT
ROOM�TEMPERATURE�BECAUSE�IT�IS�NOT�APPRECIABLY�IONISED��(OWEVER
�DUE�TO�THE�POSITION�OF
THE�&ERMI�LEVEL� IN�N�TYPE�MATERIAL
�THE�DEEP�ACCEPTOR�LEVEL�WILL�BE�COMPLETELY�IONISED�IN
N�TYPE�SAMPLES�EVEN�AT� LOW�TEMPERATURES��4HUS
� THE�COMPENSATING�P�TYPE�BACKGROUND
RESULTING�FROM�NATIVE�ACCEPTORS�IN�N�TYPE�'A3B�WILL�BE�AT� LEAST�TWICE�AS�HIGH�AS�THE�.Ì
CONCENTRATION�;��=�

%LECTRICAL�DATA�OF�NOT�INTENTIONALLY�DOPED�'A3B�GROWN�BY�-/60%�USING�VARIOUS�DIFFERENT
ANTIMONY�PRECURSORS�ARE�REPORTED�FOR�EXAMPLE�IN�;�
���
���
���
���
���
����=��4HE�TYPICAL
TRANSPORT� DATA� OF� 'A3B� GROWN� FOR� THIS� WORK� ARE� P

���+
^� 16102 ⋅ CM��
� o

���+
^

2105.7 ⋅ CM��6S
� P
��+

^� 15105 ⋅ CM��
� o
��+

^� 3104.3 ⋅ CM��6S� 	GROWTH� PARAMETERS�� ���l#

6�)))��
�����oM�H
�GROWTH�TIME����HOUR
��4HESE�DATA�ARE�AMONG�THE�BEST�VALUES�REPORTED
IN� THE� ABOVE�MENTIONED� LITERATURE��7HILE� THE� ELECTRICAL� DATA� SHOWED� THE� TENDENCY� TO
IMPROVE� SLIGHTLY� 	�� LOWER� P�TYPE� BACKGROUND
� HIGHER� MOBILITY
� WHEN� THE� GROWTH
TEMPERATURE�WAS�LOWERED�TO����l#
�THIS�LOWER�TEMPERATURE�MADE�THE�OPTICAL�PROPERTIES
OF� 'A3B� SLIGHTLY� WORSE� AND� WAS� NOT� ADVANTAGEOUS� FOR� THE� GROWTH� OF� ÌL�CONTAINING
MATERIALS�	SEE�SECTIONS�������AND����
��#ONSEQUENTLY
����l#�WAS�ESTABLISHED�AS�STANDARD
GROWTH�TEMPERATURE�FOR�THE�BINARY�LAYERS�IN�THIS�WORK�

)N�ORDER�TO�ACHIEVE�N�TYPE�CONDUCTIVITY�FOR�'A3B
�TWO�DIFFICULTIES�HAVE�TO�BE�OVERCOME�
� 4HE�NATIVE�ACCEPTOR�CONCENTRATION�WILL�ACT�AS�COMPENSATING�P�TYPE�BACKGROUND�
� 3INCE�SILICON�AND�GERMANIUM�CAN�NOT�BE�USED�AS�DONOR�DOPANTS�IN�'A3B
�THE�CHOICE

FOR� N�TYPE� DOPING� IS� MAINLY� LIMITED� TO� GROUP� 6)� ELEMENTS� 	SULPHUR
� SELENIUM� AND
TELLURIUM
��ÌPART�FROM�THIS
�THERE�ARE�VERY�FEW�REPORTS�ON�SUCCESSFUL�N�TYPE�DOPING�OF
ÌL	ÌS3B
�WITH�TIN�;��
���=�

7HILE� DOPING� WITH� (
�
3� LEAD� TO� P�TYPE� 'A3B� ;��
� ���=
� N�TYPE� CONDUCTIVITY� HAS� BEEN

ACHIEVED� WITH� BOTH� (
�
3E� ;��
� ��=� AND� METALORGANIC� TELLURIUM� COMPOUNDS

	DIMETHYLTELLURIDE� ;$-4E=
�DIETHYLTELLURIDE� ;$%4E=
� ;��
���
����=��(ERE
�$%4E� CAN�EITHER
BE�USED�AS�A�METALORGANIC�LIQUID�IN�A�BUBBLER�CONFIGURATION�OR�AS�DILUTED�MIXTURE�WITH�(

�

IN�A�PRESSURISED�GAS�CYLINDER��&OR�THE�PRESENT�WORK�IT�WAS�DECIDED�TO�EMPLOY�$%4E�IN�A
BUBBLER�CONFIGURATION�DUE�TO�THE�FOLLOWING�REASONS�
� 'ASEOUS� MIXTURES� OF� GROUP� 6)�METALORGANICS� WITH� (

�
� IN� PRESSURISED� CYLINDERS� ARE

KNOWN� TO� BE� UNSTABLE� WITH� RESPECT� TO� THE� YIELD� OF� THE� DOPANT� MOLECULE� PER
WITHDRAWN�GASEOUS�VOLUME�

� (
�
3E�IS�A�HIGHLY�TOXIC�GAS�

� 7HILE� THE� 4E� DONOR� CAN� BE� DESCRIBED� SATISFACTORILY� BY� THE� HYDROGENIC� MODEL
� THE
BINDING�ENERGIES�OF�3E�ARE�REPORTED�TO�BE�SIGNIFICANTLY�HIGHER�;��=�
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� 4HE�MAXIMUM�ELECTRON�CONCENTRATIONS�IN�THE�LITERATURE�FOR�4E�DOPED�'A3B�ARE�HIGHER
THAN� FOR� 3E�DOPED� LAYERS�� 4HE� FOLLOWING� MAXIMUM� ELECTRON� CONCENTRATIONS� ARE
REPORTED�FOR�$%4E�� 18102 ⋅ CM�� ;���=�AND� 18101⋅ CM�� ;��=�

� &OR�-/60%�GROWN�ALUMINIUM�CONTAINING�ANTIMONIDES�TELLURIUM�HAS�BEEN�REPORTED�AS
SUCCESSFUL�N�DOPANT�;��
����=�

4E�DOPED�'A3B�WAS�GROWN�AT�VARIOUS�DIFFERENT�$%4E�MOLAR�FLOW�RATES��4HE�LAYERS�WERE
ANALYSED� USING� 3)-3� AND� TEMPERATURE�DEPENDENT� (ALL�MEASUREMENTS�� 4HE� RESULTS� ARE
SUMMARISED�IN�THE�FOLLOWING�FIGURE�����

)N� THE� EXAMINED� RANGE� FOR� TELLURIUM� CONCENTRATIONS� BETWEEN� �4E�� �� 16102 ⋅ CM��� AND
�4E�� �� 18101⋅ CM��� THE� 3)-3� ANALYSIS� SHOWS� AN� APPROXIMATELY� LINEAR� INCORPORATION
BEHAVIOUR��4HE�ELECTRON�CONCENTRATIONS�AS�MEASURED�BY�(ALL�AT����+�AGREE�WELL�WITH�THE
3)-3� DATA� WITHIN� THE� MEASURED� RANGE� 	I�� E�� UP� TO� MOLAR� FLOW� RATE� RATIOS� OF

3101
][

][ −⋅=
TEGa

DETe

��4HREE�SURPRISING�FEATURES�OF�THE�DATA�DESERVE�FURTHER�ATTENTION�

�
 &OR�MOLAR�FLOW�RATE�RATIOS�ABOVE� 3101
][

][ −⋅=
TEGa

DETe
�THE�ELECTRON�CONCENTRATION�DOES�NO

LONGER� INCREASE�WHEN�THE�$%4E�MOLAR� FLOW�RATE� IS� INCREASED��Ì�POSSIBLE�EXPLANATION
FOR� THIS� BEHAVIOUR� IS� FOUND� IN� THE� LITERATURE�� .AKAMURA� ET� AL�� ;��=� REPORT� A� CRITICAL
CONCENTRATION� FOR� BOTH� 3E� AND� 4E� IN� -/60%�GROWN� 'A3B� ABOVE� WHICH� THE� LINEAR
BEHAVIOUR� OF� BOTH� DOPANTS� BREAKS� DOWN�� ÌBOVE� THIS� CRITICAL� POINT� 	WHICH� LIES
SIGNIFICANTLY�HIGHER� FOR�4E�THAN�FOR�3E
� THE�CONCENTRATION�OF�DOPANT�ATOMS� INCREASES

'JHVSF����� )BMM�� BOE� 4*.4�NFBTVSFNFOUT� PO� UFMMVSJVN�EPQFE� (B4C�� 5IF� MJOF� HSBQI
	bVOJUZ� MJOFm
� SFQSFTFOUT� B� MJOFBS� SFMBUJPO� CFUXFFO� HBT� QIBTF� BOE� TPMJE
DPNQPTJUJPO�
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SUPERLINEARLY�WITH� INCREASING�MOLAR� FLOW� RATE
�WHILE� THE� ELECTRON� CONCENTRATION�GETS
SFEVDFE� BY� INCREASING� DOPANT� FLOWS�� 4HE� SUPERLINEAR� INCORPORATION� BEHAVIOUR� IS
SUGGESTED�TO�BE�DUE�TO�THE�FORMATION�OF�COMPLEXES�BETWEEN�GALLIUM�AND�THE�DOPANT
ON� THE� GROWTH� SURFACE�� 4HIS� MODEL� IS� ALSO� SUGGESTED� ELSEWHERE� 	REF�� ���� IN� ;��=

WHERE� THE� CRITICAL�POINT� IS� REPORTED�AS� 18105.1 ⋅ CM���� 4HE� STAGNANT�OR�EVEN�DECLINING
ELECTRON�CONCENTRATION�IS�SUGGESTED�TO�BE�DUE�TO�THE�FORMATION�OF�AN�ADDITIONAL�DEEP
DONOR�� 2ELATED� EVIDENCE� WAS� FOUND� BY� .AKAMURA� ET� AL�� ;��=� IN� TEMPERATURE
DEPENDENT� (ALL� MEASUREMENTS� OF� SAMPLES� WITH� DOPANT� CONCENTRATIONS� ABOVE� THE
CRITICAL�POINT�� 4HE� CONCENTRATION�OF� THE� SHALLOW�DONOR�WAS� SHOWN� TO�DECREASE�WITH
THE�ONSET�OF�THE�FORMATION�OF�THE�DEEP�DONOR��(OWEVER
�IT�REMAINED�UNCLEAR�WHETHER
THE�DEEP�DONOR�FORMATION�IS�RELATED�TO�THE�FORMATION�OF�THE�COMPLEXES�
5NFORTUNATELY�THE�3)-3�DATA�IN�FIGURE�����HAVE�NOT�BEEN�MEASURED�BEYOND�THE�CRITICAL
POINT� SO� THAT� A� SUPERLINEAR� INCORPORATION� BEHAVIOUR� CAN� NOT� BE� CONFIRMED� HERE�
(OWEVER
� THE� OBSERVED� BEHAVIOUR� OF� THE� ELECTRON� CONCENTRATION� CONFIRMS� THE
CORRESPONDING�RESULTS�OF�.AKAMURA�AND�CO�WORKERS��4HE�COMPETITION�BETWEEN�3B�AND
4E�FOR�FREE�3B�SITES�RECOMMENDS�LOWER�6�)))�RATIOS�FOR�HIGHER�DOPING�LEVELS��(OWEVER

EVEN� A� REDUCED� 6�)))�RATIO� OF� ���� DID� NOT� LEAD� TO� AN� INCREASE� OF� THE� ELECTRON
CONCENTRATION��"ASED�ON�DATA�ON�4E�DOPED�	'A)N
	ÌS3B
�PUBLISHED�BY�7ANG�;���=� IT
SEEMS� LIKELY� THAT� THE�MISCUT� ANGLE�OF� THE� SUBSTRATE�WILL� SLIGHTLY� INFLUENCE� THE� UPPER
LIMIT� FOR� THE� TELLURIUM� INCORPORATION� AS�WELL� IN� THE� CASE� OF�'A3B�� 3TILL
� A� SIGNIFICANT
INCREASE�OF�THE�ELECTRON�CONCENTRATION�IN�4E�DOPED�'A3B�CAN�NOT�BE�EXPECTED�AND�A
CORRESPONDING�MAXIMUM�ELECTRON�CONCENTRATION�OF� 181021 ⋅��� CM��� FOR�-/60%�GROWN
4E�DOPED� 'A3B� MUST� BE� ACCEPTED�� ÌS� 3N�DOPED� ÌL	ÌS

����
3B

����

� WITH� AN� ELECTRON

CONCENTRATION� OF� 18105 ⋅ CM��� IS� REPORTED� IN� ;��=
� TETRAETHYLTIN� MIGHT� ALSO� BE� AN
ALTERNATIVE�DOPANT�TO�ACHIEVE�HIGHER�DOPING�LEVELS�IN�'A3B�

�
 )N�FIGURE����
�THE�MEASUREMENT�OF�THE�ELECTRON�CONCENTRATION�AT���+�SHOWS�A�HIGHER
CARRIER� DENSITY� THAN� THE�MEASUREMENTS� AT� ���+�� )N� ORDER� TO� EXAMINE� THIS� RESULT� IN
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MORE� DETAIL
� ONE� SAMPLE� WAS� ANALYSED� BY� A� TEMPERATURE� DEPENDENT� (ALL
MEASUREMENT�IN�THE�RANGE�BETWEEN�(ELIUM�TEMPERATURE�AND����+�	FIGURE����
�

ÌT� FIRST� SIGHT�ONE�MIGHT� ATTRIBUTE� THE� SURPRISING� RESULT� TO� A�HIGH� CONCENTRATION� OF� A
COMPENSATING� BACKGROUND� ACCEPTOR� WITH� A� HIGH� ACTIVATION� ENERGY� OR� TO� THE
TEMPERATURE�DEPENDENCE�OF� THE� SURFACE� AND� INTERFACE�DEPLETION�WIDTHS� 	E�� G�� ;��=
�
(OWEVER
� THE� PRINCIPAL� EXPLANATION� FOR� THE� OBSERVED� BEHAVIOUR� IS� THE� SMALL� ENERGY
GAP�BETWEEN�THE� Γ �MINIMUM�AND�THE�LOWEST�,�MINIMUM�	^�����E6�;��=
��4HE�DATA
SHOWN� IN� FIGURE� ���� WERE� ANALYSED� IN� THE� ONE�CARRIER�TYPE� APPROXIMATION
� I�� E�

ne
RH ⋅

−= 1
��ÌT�ELEVATED�TEMPERATURES�THIS�ASSUMPTION� IS�NOT�VALID�BECAUSE�,�VALLEYS

WILL�BE�POPULATED�AND�CONTRIBUTE�TO�THE�CONDUCTION��ÌS�THE�RELATED�MOBILITY� IS�MUCH
LOWER� FOR� ELECTRONS� IN� AN� ,� VALLEY� THAN� FOR� ELECTRONS� IN� THE� Γ � VALLEY
� THE� (ALL

COEFFICIENT�MUST�BE�WRITTEN�AS�
( )2

22

LL

LL
H

nne

nn
R

µµ
µµ

⋅+⋅
⋅+⋅

−=
ΓΓ

ΓΓ ��#ONSEQUENTLY
�EVEN�FOR�A

CONSTANT� TOTAL� NUMBER� OF� ELECTRONS� THE� (ALL� COEFFICIENT� WILL� INCREASE� WHEN�
Γn

nL

INCREASES� AND� THE� SINGLE�CARRIER�TYPE� APPROXIMATION� WILL� PRETEND� LOWER� CARRIER
CONCENTRATIONS�AT�HIGHER�TEMPERATURES�
"ESIDES
�THE�EXPERIMENTALLY�CONFIRMED�CONDITION�FOR�THE�TRANSITION�BETWEEN�ACTIVATED
AND� METALLIC� CONDUCTION� IS� 02.03 ≈⋅ BaN � 	;��=
� P�� ���
� WHERE� /� IS� THE� CARRIER

CONCENTRATION�AND�B#�IS�THE�"OHR�RADIUS�OF�THE�IMPURITY��ÌS� 43 ≈⋅ BaN �FOR�THE�SAMPLE
IN� FIGURE� ���
�METALLIC� CONDUCTION�MUST� CLEARLY� BE� EXPECTED�� 4HIS� EXPLAINS� THE� HIGH
CARRIER�CONCENTRATIONS�AS�WELL�AT�VERY�LOW�TEMPERATURES�

�
 )N� FIGURE� ���� THE� ���+� (ALL� MEASUREMENTS� ARE� WELL� IN� AGREEMENT� WITH� THE� 3)-3
MEASUREMENT�OF� THE�ATOMIC�TELLURIUM�CONCENTRATION��4AKING� INTO�ACCOUNT� THE�ABOVE
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REMARKS
� IT� SHOULD� BE�MORE� APPROPRIATE� TO� ACCEPT� THE� ��+�(ALL� DATA� AS� THE� ÀTRUEÁ
ELECTRON� CONCENTRATION�� #ONSEQUENTLY
� THE� ELECTRON� CONCENTRATION� WOULD� BE� HIGHER
THAN�THE�ATOMIC�CONCENTRATION�OF�DONOR�ATOMS��4HIS�APPARENT�CONTRADICTION�FOUND�A
SIMPLE� ANSWER�� 4HE� 3)-3� LABORATORY� HAD� USED� A� ���+� (ALL� MEASUREMENT� OF� A
TELLURIUM�DOPED�'A3B�SAMPLE�FOR�CALIBRATION�PURPOSES�

)N�ADDITION
�THE�CARRIER�MOBILITIES�WERE�MEASURED�FOR�VARIOUS�DIFFERENT�DOPING�LEVELS��4HE
RESULTS� ARE� SHOWN� IN� FIGURE� ������ 4HE� COMPARABLY� LOW� MOBILITY� OF� THE� ÀSATURATION
REGIONÁ�SAMPLE� CAN� BE� EXPLAINED� BY� THE� FORMATION� OF� 'A�4E�COMPLEXES� WHICH� WAS
DESCRIBED�ABOVE��Ì�COMPARISON�WITH�THE�ELECTRICAL�DATA�OF�OTHER�GROUPS�	E��G�� ;��
���=

SHOWS�THAT�THE�VALUES�OF�FIGURE������REPRESENT�VERY�HIGH�QUALITY�MATERIAL�

����� 0QUJDBM�QSPQFSUJFT�WFSTVT�HSPXUI�QBSBNFUFST

Ì� DETAILED� DISCUSSION� AND� LITERATURE� SUMMARY� CONCERNING� THE� PHOTOLUMINESCENCE� OF
HOMOEPITAXIAL� 'A3B� IS� INCLUDED� IN� CHAPTER� ��� (OWEVER
� A� BRIEF� DESCRIPTION� OF� THE� 0,
PROPERTIES�OF�'A3B�SAMPLES�AS�A�FUNCTION�OF�THE�GROWTH�PARAMETERS�WILL�BE�GIVEN�IN�THE
PRESENT�SECTION�������

ÌS�DEMONSTRATED�IN�FIGURE�����
�THE�0,�OF�THE�'A3B�SAMPLES�GROWN�IN�THIS�WORK�SHOWS
MAINLY�THE�FOLLOWING�PEAKS�

� Ì�LINE��4HE�TRANSITION�RELATED�TO�THIS�LINE�INVOLVES�THE�NATIVE�ACCEPTOR�DEFECT��4HE�LINE
IS�INTERPRETED�AS�DONOR�ACCEPTOR�PAIR�TRANSITION�OR�	E
�.Ì�
�TRANSITION�IN�THE�LITERATURE�

� "%��LINE��4HE�LINE�IS�GENERALLY�INTERPRETED�AS�0,�RECOMBINATION�OF�AN�EXCITON�BOUND�TO
AN�UNIDENTIFIED�NEUTRAL�ACCEPTOR��)N�HIGH�QUALITY�MATERIAL�AN�,/�PHONON�REPLICA�OF�THIS
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PEAK� CAN� BE� OBSERVED� AT� ������ E6
� CORRESPONDING� TO� A� RELATED� WAVENUMBER� OF
( ) 1 6.232 −=Γ cmLOν ;��=�

� %�LINE�� &OR�-"%�� AND�-/60%�GROWN� LAYERS� THIS� LINE� HAS� BEEN� ASCRIBED� TO� A� DONOR
ACCEPTOR�PAIR� TRANSITION�OR� TO� AN� 	E
Ì�
� TRANSITION� INVOLVING� A�PREVIOUSLY� UNIDENTIFIED
ACCEPTOR��4HE�RELATED�ACCEPTOR�IMPURITY�WILL�BE�IDENTIFIED�AS�SILICON�IN�CHAPTER���

� .�LINE
� $�LINE�� )N� CHAPTER� �� THESE� LINES� WILL� BE� IDENTIFIED� AS� BOUND� EXCITON
RECOMBINATION�AND�BAND�BAND�LUMINESCENCE
�RESPECTIVELY�

ÌS�THE�NATIVE�ACCEPTOR�	.Ì
�IS�BELIEVED�TO�BE�A�GALLIUM�VACANCY�GALLIUM�ANTISITE�COMPLEX

THE�BLOCKING�OF�3B�SITES�WITH�ANTIMONY�AT�HIGHER�6�)))�RATIOS�CAN�BE�EXPECTED�TO�DECREASE

THE� .Ì� CONCENTRATION�� 4HIS� ASSUMPTION� WAS� CONFIRMED� IN� GROWTH� EXPERIMENTS� FROM
NONSTOICHIOMETRIC� MELTS� WHERE� INCREASED� 3B� CONCENTRATIONS� PRODUCED� SIGNIFICANT
REDUCTIONS� IN�THE� LEVEL�OF�BACKGROUND�ACCEPTORS�;���=��ÌS�THE�Ì�LINE�TRANSITION� INVOLVES
THE�NATIVE�ACCEPTOR�DEFECT
�#HIDLEY�ET�AL��;��=�SUGGESTED�THE�RELATIVE�STRENGTHS�OF�THE�Ì�
AND� "%��LINES� AS� A� GUIDE� TO� MATERIAL� QUALITY�� #ORRESPONDINGLY
� THEY� REPORT� THAT
ELECTRICALLY�HIGHER�QUALITY�MATERIAL� SHOWS�A�HIGHER�"%��Ì�RATIO�� )N�CONTRAST
�7ANG�ET�AL�
REPORT� IN� ;���=� THAT� THE� 0,�OF� THEIR� LAYERS�WITH� THE�BEST� ELECTRICAL� PROPERTIES�HAVE� VERY
STRONG�Ì�LINES
�SUGGESTING�THAT�A�STRONG�ACCEPTOR�TRANSITION�IS�OPU�NECESSARILY�ASSOCIATED
WITH� A� HIGH� HOLE� CONCENTRATION�� 4HE� "%��Ì�RATIOS� AS� A� FUNCTION� OF� THE� 6�)))�RATIO� FOR
OTHERWISE�COMPARABLE�LAYERS�GROWN�IN�THE�PRESENT�WORK�ARE�SHOWN�IN�THE�FIGURE������

ÌN� INCREASE� OF� THE� "%��Ì�LINE� INTENSITY� WITH� INCREASING� 6�)))�RATIO� WAS� OBSERVED�� 4HIS
RESULT�IS�IN�LINE�WITH�THE�ABOVE�ASSUMPTION�OF�LOWER�.Ì�CONCENTRATIONS�IN�3B�RICH�GROWTH
ENVIRONMENTS�� (OWEVER
� A� RELATED� DECREASE� OF� THE� HOLE� CONCENTRATION� IN� (ALL
MEASUREMENTS� COULD� NOT� BE� OBSERVED�� 4HIS� CONFIRMS� THE� RESULTS� OF� 7ANG� MENTIONED
ABOVE
�BUT�CONTRADICTS�#HIDLEY�ET�AL��;��=�
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)N�ADDITION
�IT�IS�OF�INTERESTED�TO�EXAMINE�THE�"%��Ì�RATIO�AND�THE�INTEGRATED�0,�INTENSITY
AS�A�FUNCTION�OF�THE�GROWTH�TEMPERATURE�	FIGURE�����
��"OTH�QUANTITIES�SHOW�THE�SAME
BEHAVIOUR�AND�HAVE�A�MAXIMUM�AT�AROUND����l#��)T�IS�INTERESTING�TO�NOTE�THAT�THE�HOLE
CONCENTRATION�AS�MEASURED�BY�(ALL�SHOWED�THE�TENDENCY�TO�DECREASE�WHEN�THE�GROWTH
TEMPERATURE�WAS�LOWERED�IN�THE�INVESTIGATED�RANGE�BETWEEN�����AND����l#��ÌGAIN
�AS
ALREADY� STATED� BY�7ANG� ET� AL�� ;���=� AND�MENTIONED� ABOVE
� THE� INTERPRETATION� OF� THE
OPTICAL�DATA�IS�NOT�IN�AGREEMENT�WITH�THE�MAJORITY�CARRIER�CONCENTRATION�AS�MEASURED�BY
(ALL��"ESIDES
�THERE�MIGHT�AS�WELL�BE�A�LINK�TO�THE�6�)))�RESULTS�SHOWN�IN�THE�ABOVE�FIGURE
������ 7HILE� 4%'A� WAS� SHOWN� TO� HAVE� A� CONSTANT� ACTIVATION� IN� THE� INVESTIGATED
TEMPERATURE�RANGE�	SEE�SECTION������

�4-3B�IS� IN�THE�KINETICALLY�CONTROLLED�REGIME�AND
THE� EFFECTIVE� 6�)))�RATIO� WILL� INCREASE� WITH� INCREASING� TEMPERATURE� UP� TO� APPROXIMATELY
���l#�� 4HE� OBSERVED� INCREASE� OF� THE� "%��Ì�RATIO� WITH� INCREASING� TEMPERATURE� MIGHT
THEREFORE�WELL�BE�DUE�TO�AN�INCREASE�OF�THE�EFFECTIVE�6�)))�RATIO�AS�SEEN�IN�FIGURE������
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ÌL�CONTAINING� ANTIMONIDES� ARE� OF� INTEREST� NOT
ONLY�FOR�MULTIJUNCTION�PHOTOVOLTAIC�DEVICES�	SEE
CHAPTER� �
� BUT� AS� WELL� FOR� EXAMPLE� AS
CONFINEMENT� LAYERS� IN� NEAR�� AND� MID�INFRARED
EMITTERS��ÌS�MANY�CHEMICALS�IN�GAS�PHASE�HAVE
CHARACTERISTIC� ABSORPTION� LINES� IN� THE� MID�)2

RELATED� LASERS� ARE� OF� INTEREST� FOR� CHEMICAL
SENSING�� "ESIDES
� THERE� IS� A� WIDE� RANGE� OF
POSSIBLE� MILITARY� APPLICATIONS� INCLUDING� )2
COUNTERMEASURES� AND� )2� ILLUMINATION�� "OTH
TYPE�)� AND� TYPE�))� INTERBAND� LASERS� ARE� BEING
DEVELOPED��Ì� VERY� INTERESTING� TYPE�))� DESIGN� IS
THE� SO�CALLED� À7Á�LASER�� ÌS� THE� 'A3B�)NÌS
JUNCTION� IS� A� CROSSED� GAP� TYPE�))� SYSTEM� WITH
THE� CONDUCTION� BAND� OF� )NÌS� LYING� BELOW� THE
VALENCE� BAND� OF� 'A3B
� IN� ÌL	ÌS3B
�)NÌS�
	'A)N
3B�)NÌS�ÌL	ÌS3B
�STRUCTURES� THERE� IS� A
HOLE� QUANTUM�WELL� 	I�� E�� THE� 	'A)N3B


SURROUNDED�BY� TWO�ELECTRON�QUANTUM�WELLS� 	I�
E�� THE� )NÌS
� � AGAIN� SURROUNDED� BY� ÌL	ÌS3B

LAYERS� WHICH� CONFINE� ONLY� ELECTRONS� AND� HAVE
ALMOST�NO�VALENCE�BAND�OFFSET�TO�)NÌS��(ENCE

THE� CONDUCTION� BAND� ALIGNMENT� IN� REAL� SPACE

LOOKS� LIKE� A� À7Á�� 4HE� ADVANTAGES� OF� THIS� STRUCTURE� INCLUDE� A� SIGNIFICANT�WAVEFUNCTION
OVERLAP� DESPITE� THE� TYPE� ))�ALIGNMENT
� VERY� GOOD� CARRIER� CONFINEMENT
� AND� THE
SUPPRESSION� OF� ÌUGER� RECOMBINATION�� Ì� BRIEF� REVIEW� ON� THIS� SUBJECT� CAN� BE� FOUND� IN
;���=�� )N� ADDITION� TO� THOSE� MID�)2� APPLICATIONS� 	I�� E�� ^� �� �� �� oM

� THE� ÌL�CONTAINING
ANTIMONIDES� ARE� AS�WELL� OF� GREAT� INTEREST� FOR� TELECOMMUNICATION�WAVELENGTHS� 	^� ����
oM
��$UE�TO�THE�LARGE�DIFFERENCE�IN�THE�REFRACTIVE�INDICES�OF�'A	ÌS
3B�AND�ÌL	ÌS
3B
�HIGH
REFLECTIVITY�MIRRORS�FOR������oM�VERTICAL�CAVITIES�CAN�BE�DEPOSITED�ON�)N0
�)NÌS
�AND�'A3B

AND� RELATED� LASERS� ARE� BEING� DEVELOPED� ;��
� ��
� ��
� ��
� ���=�� ÌDDITIONALLY
� THE� BAND
ALIGNMENT�OF�)NÌS�'A3B�CAN�AS�WELL�BE�USED�FOR�TUNNEL�DIODES�;��
���
����=�

5P� TO� NOW
� THE� GROWTH� OF� 	ÌL'A
3B� IS� DOMINATED� BY�-"%� AND� REPORTS� ON� SUCCESSFUL
-/60%�GROWN� DEVICES� ARE� VERY� RARE� ;�������
� ���=� DUE� TO� THE� EXTREMELY� DIFFICULT
-/60%�DEPOSITION�OF�THESE�MATERIALS�� )N�ORDER�TO�ILLUSTRATE�THE�SPECIFIC�PROBLEMS
�SOME
TYPICAL�FEATURES�OF�THE�-/60%�OF�ÌL�CONTAINING�BSTFOJEFT�WILL�BE�SUMMARISED�BEFORE�THE
ACTUAL�GROWTH�OF�ÌL�CONTAINING�BOUJNPOJEFT�WILL�BE�DESCRIBED�

ÌS� ALREADY� MENTIONED� IN� SECTION� ���
� THE� ATOMIC� HYDROGEN� FROM� THE� ARSINE
DECOMPOSITION�IS�VERY�IMPORTANT�FOR�THE�SATURATION�OF�ORGANIC�RADICALS�THAT�ARISE�FROM�THE
DECOMPOSITION� OF� THE� GROUP� )))� PRECURSORS�� #ONSEQUENTLY
� A� REDUCED� CARBON

ÌL	ÌS3B


	'A)N
3B

)NÌS )NÌS
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INCORPORATION� IS�USUALLY� FOUND� IN� 	ÌL'A
ÌS�AT�ELEVATED�6�)))�RATIOS
�NO�MATTER� IF�ÌS(
�
� OR

4"ÌS�ARE�USED�;��=��ÌS�THE�ALUMINIUM�CONCENTRATION�X
ÌL
�OF�	ÌL

X
'A

��X

ÌS�DOES�USUALLY�NOT

DEPEND�ON�THE�6�)))�RATIO�OR�THE�EMPLOYED�ÌS�PRECURSOR�;���=
�THE�GROUP�6�OVERPRESSURE
CAN�EASILY�BE�USED�AS�A�FREE�PARAMETER�TO�OPTIMISE�THE�MATERIAL�QUALITY��)N�ORDER�TO�VERIFY
THIS� BEHAVIOUR
� 	ÌL

���
'A

���

ÌS�LAYERS� WERE� DEPOSITED� AT� VARIOUS� TEMPERATURES� AND� 6�)))�

RATIOS
� AND� THE� CARBON� CONTAMINATION� LEVELS� WERE� MEASURED� BY� 3)-3�� 4HE� RESULTS� ARE
SHOWN� IN� FIGURE� ����A�� ÌS� EXPECTED
� THE� CARBON� LEVEL� IN� 	ÌL

���
'A

���

ÌS� WAS� FOUND� TO

DECREASE�SIGNIFICANTLY�WHEN� THE�6�)))� RATIO�WAS� INCREASED
�WHILE�A� TEMPERATURE� INCREASE
LED�TO�HIGHER�CARBON�CONTAMINATIONS�

3IMILARLY
� WHEN� ARSINE� IS� USED� AS� GROUP� 6� SOURCE
� REDUCED� OXYGEN� CONCENTRATIONS� ARE
FOUND�IN�	ÌL

���
'A

���

ÌS�WHEN�HIGHER�6�)))�RATIOS�AND�GROWTH�TEMPERATURES�ARE�EMPLOYED�

2ELATED�3)-3�MEASUREMENTS�ARE�SHOWN�IN�FIGURE�����B��ÌS�OXYGEN�FORMS�A�DEEP� LEVEL

THE�MATERIAL�QUALITY�IS�MUCH�IMPROVED�AT�REDUCED�/�CONCENTRATIONS�

)T� WAS� ALREADY� DESCRIBED� IN� SECTION� ���� THAT� ANTIMONIDES� HAVE� TO� BE� GROWN� IN� A� VERY
NARROW�RANGE�OF�6�)))� RATIOS�CLOSE� TO�UNITY�� )T�WAS�AS�WELL�POINTED�OUT� THAT�NO�GROUP�6
HYDRIDE� CAN� BE� USED� AS� ANTIMONY� SOURCE�� ÌS� A� CONSEQUENCE
� A� SATURATION� OF� ORGANIC
RADICALS� OR� OXYGEN� IMPURITIES� CAN� NOT� TAKE� PLACE�WHEN� 	ÌL'A
3B� IS� GROWN�� 4HE� ABOVE
METHODS� TO� IMPROVE� THE�QUALITY�OF� 	ÌL'A
ÌS� CAN�NOT�BE� EMPLOYED� FOR� 	ÌL'A
3B�� 4HUS

OXYGEN�AND�CARBON�IMPURITIES�ARE�THE�MAJOR�PROBLEM�FOR�THIS�MATERIAL�

ÌNOTHER�MAJOR�CHALLENGE� IS�BASED�ON�THE� LOW�GROWTH�TEMPERATURE�OF� THE�ANTIMONIDES�
(ERE
� THE� STANDARD� ÌL�PRECURSOR� 4-ÌL� RESULTS� IN� GROWTH� IN� THE� KINETICALLY� CONTROLLED
REGIME� 	OR� EVEN� NO� GROWTH� AT� ALL
� SEE� SECTION� �����

� WHERE� ITS� INCOMPLETE� PYROLYSIS
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DETERMINES� THE� GROWTH� RATE� AND� COMPOSITION� OF� THE� CRYSTAL�� 4HEREFORE
� NOVEL� ÌL�
PRECURSORS� ARE� BEING� DEVELOPED� AND� TESTED� FOR� THE� -/60%�GROWTH� OF� 	ÌL'A
3B�� 4HIS
WORK� MAINLY� FOCUSES� ON� TRITERTIARYBUTYLALUMINIUM� ;��
� ���
� �������
� ���
� ���=� AND
AMINE�ALANE�ADDUCTS�;�
��
������
���=��Ì�FEW�REPORTS�CAN�AS�WELL�BE�FOUND�ON�4-ÌL��;��=
AND�AN�ÀALL�ETHYLÁ�	I��E��4%'A
�4%ÌL
�4%3B
�APPROACH�;��=��4HESE�NOVEL�PRECURSORS�HAVE�TO
BE�EMPLOYED�IN�EXTREMELY�HIGH�PURITY�GRADES�BECAUSE�THE�QUALITY�OF�	ÌL'A
3B�CAN�NOT�BE
IMPROVED� BY� VARYING� THE� GROWTH� TEMPERATURE� OR� THE� 6�)))� RATIO
� AS� MENTIONED� ABOVE�
"ESIDES
� AS� THE� LOW� DECOMPOSITION� TEMPERATURES� COME� ALONG� WITH� A� HIGH� CHEMICAL
REACTIVITY
�THE�NOVEL�LOW�TEMPERATURE�PRECURSORS�LEAD�TO�SEVERE�PROBLEMS�CONCERNING�PRE�
REACTIONS�	E�G��ALKYL�EXCHANGE�REACTIONS
�AND�PRE�DEPOSITION�

)N�ADDITION
�ONE�HAS�TO�CONSIDER�THAT�THE�LATTICE�MISMATCH�BETWEEN�'A3B�AND�	ÌL'A
3B�IS
MUCH�MORE�SIGNIFICANT�THAN�BETWEEN�'AÌS�AND�	ÌL'A
ÌS��4HEREFORE
�FOR�THICK�BULK�LAYERS
ARSENIC�HAS�TO�BE�ADDED�TO�THE�CRYSTAL�IN�ORDER�TO�ADJUST�THE�CORRECT�LATTICE�CONSTANT��ÌS
THE� DECOMPOSITION� TEMPERATURE� OF� ARSINE� IS� QUITE� HIGH
� THE� THERMAL� DECOMPOSITION
BEHAVIOUR�OF�4"ÌS�IS�MUCH�BETTER�SUITED�FOR�THIS�PURPOSE�;��=��$UE�TO�THE�NOWADAYS�VERY
GOOD�QUALITY�OF�THIS�PRECURSOR
�IT�CAN�BE�EMPLOYED�WITHOUT�ANY�ADDITIONAL�PROBLEMS�IN�A
STANDARD�BUBBLER�CONFIGURATION�

20 40 60 80 100
1E16

1E17

1E18

1E19

TMAl
Batch B

TMAl
Batch A

 Tgrowth= 650°C
 Tgrowth= 700°C
 Tgrowth= 750°C

 

 

O
-c

o
nc

en
tr

at
io

n
 [a

to
m

s/
cm

3 
]

V/III-ratio

'JHVSF�����C� 0YZHFO� DPOUBNJOBUJPO� MFWFM� JO� 	"M
���
(B

���

"T�HSPXO�VTJOH�5.(B
� 5."M

BOE�"T)��BU�EJGGFSFOU�HSPXUI�UFNQFSBUVSFT�BOE�7�***�SBUJPT�



���2ESULTS���-/60%�OF�)))�ANTIMONIDES�����������������������������������������������������������������������������

����� *OGMVFODF�PG�HSPXUI�UFNQFSBUVSF

ÌS� ALREADY� DESCRIBED� IN� THE� PRECEDING� SECTIONS
� TYPICAL� GROWTH� TEMPERATURES� FOR� ÌL�
CONTAINING� ANTIMONIDES� ARE� LOWER� THAN� FOR� ANALOGOUS� ARSENIDES� AND� PHOSPHIDES�� 4HIS
CAN� LEAD� TO� INCOMPLETE� PYROLYSIS� OF� PRECURSORS
� RESULTING� IN� GROWTH� IN� THE� KINETICALLY
CONTROLLED� REGIME�� ÌS� A� CONSEQUENCE
� THE� THERMAL� ACTIVATION� BEHAVIOUR� OF� NOVEL
ALUMINIUM�PRECURSORS� IN�A�GIVEN� REACTOR�ENVIRONMENT� IS�OF�PARTICULAR� INTEREST�� 4HE� TWO
MOST�PROMISING�PRECURSORS�44"ÌL�AND�$-%ÌÌ�	PLUS�4-ÌL�FOR�COMPARISON
�WERE�CHOSEN
TO�BE�TESTED�FOR�THE�GROWTH�OF�	ÌL'A
3B�AT�VARIOUS�DIFFERENT�GROWTH�TEMPERATURES�

ÌS�THE�GROWTH�RATE�OF�'A3B�GROWN�FROM�4%'A�AND�4-3B�WAS�FOUND�NOT�TO�DEPEND�ON
THE�GROWTH�TEMPERATURE�BETWEEN����l#�AND����l#�	SEE�SECTION������

�THE�ÌL�CONTENT
X
ÌL
� IN� THE� LAYERS� AS�MEASURED� BY� (2�82$� AND� 3)-3� COULD� BE� EXPECTED� TO� BE� A� DIRECT

INDICATOR� FOR� THE� EFFICIENCY� OF� THE� ÌL�PRECURSORS�� (ERE
� THE� 3)-3� COUNT� RATES� FOR� ÌL3B
WERE� CALIBRATED� USING� THE� RESULTS� OF� (2�82$�MEASUREMENTS� ON� RELATED� BULK� LAYERS�� Ì
LINEAR� RELATION�WAS� FOUND��(OWEVER
� THE�3)-3� SPUTTER� CONDITIONS� FOR� 	ÌL'A
3B�HAD�NOT
BEEN� FULLY� OPTIMISED� BY� THE� 3)-3� LABORATORY
� LEADING� TO� A� BLURRED� DEPTH� RESOLUTION
DEEPER� IN� THE� LAYERS�� )F� BLURRED� PEAKS� OCCURRED
� THE�MAXIMUM� COUNT� RATES� WERE� USED
THROUGHOUT�THIS�WORK��4HE�RESULTS�ON�THE�TEMPERATURE�BEHAVIOUR�ARE�SHOWN�IN�FIG�������

'JHVSF������ "M�DPODFOUSBUJPO� JO� 	"M(B
4C� BT� B� GVODUJPO� PG� HSPXUI� UFNQFSBUVSF�� 5IF
HJWFO�MJOFT�BSF�B�HVJEF�UP�UIF�FZF� (BT� QIBTF� DPODFOUSBUJPO� SBUJPT� PG� � UIF
BMVNJOJVN� QSFDVSTPST�� 55#"M� ����
� 5."M� ����
� %.&""� ������ 5IF� 4*.4
EBUB� PG� MBZFS� ����� XFSF� DBMJCSBUFE� XJUI� BO� )3�93%�NFBTVSFNFOU� PG� B
DPSSFTQPOEJOH�	"M(B
4C�CVML�TBNQMF� 	����
��/P�BMVNJOJVN�XBT� GPVOE� JO
	"M(B
4C�HSPXO�XJUI�5."M�BU�5HSPXUI�����$�
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4-ÌL� SHOWS� A� STEEP� INCREASE� OF� X
ÌL
� BETWEEN� ���l#� AND� ���l#�� Ì� SIMILAR� RESULT� IS

REPORTED� IN� ;��=� FOR� THE� TEMPERATURE� RANGE� ���l#� TO� ���l#�� )N� EXPERIMENTS� BELOW
���l#
�(2�82$�DID�NOT�GIVE�A�PEAK�RELATED�TO�	ÌL'A
3B
�SUGGESTING�THAT�NO�SIGNIFICANT
AMOUNTS� OF� ALUMINUM�WERE� PRESENT� IN� THE� LAYERS�� 4HIS� RESULT� DID� NOT� DEPEND� ON� THE
CONCENTRATION�OF�4-ÌL�IN�THE�GAS�PHASE�

44"ÌL�WAS�EMPLOYED�AT�GROWTH�TEMPERATURES�BETWEEN����l#�AND����l#��ÌT�FIRST�SIGHT

THE� OBSERVED� BEHAVIOUR� OF� THE� PRECURSOR� SEEMS� TO� REPRESENT� THE� TYPICAL� PYROLYSIS
BEHAVIOUR� OF� METALORGANICS� IN� THE� KINETICALLY� CONTROLLED� REGIME�� (OWEVER
� 44"ÌL� IS
KNOWN� TO� DECOMPOSE� ALREADY� BETWEEN� ���l#� AND� ���l#� ;���=�� #ONSEQUENTLY
� THE
OBSERVED� TEMPERATURE� DEPENDENCE� MUST� BE� DUE� TO� A� DIFFERENT� EFFECT�� ÌT� HIGH
TEMPERATURES� THE� ÌL�CONCENTRATION� SATURATES� AT� A� VALUE� THAT� REPRESENTS� APPROXIMATELY
���� OF� THE� GAS� PHASE� CONCENTRATION� DEFINED� BY� THE� MOLAR� FLOW� RATES� AS

( )][[
][

TEGaTTBAl
TTBAlX Al += �� 4HE� POOR� EFFICIENCY� IN� COMBINATION� WITH� THE� LOW

VAPOUR�PRESSURE�OF�44"ÌL� 	SEE� SECTION������
� LED� TO�EXTREMELY� LOW�GROWTH� RATES� IN� THE
MULTIWAFER� REACTOR� IN� THE� ORDER� OF� A� FEW� HUNDRED� NANOMETERS� PER� HOUR�� 4HIS� OVERALL
BEHAVIOUR� CLEARLY� LIMITS� THE� USEFULNESS� OF� 44"ÌL� FOR� THE� -/60%� OF� ÌL�CONTAINING� 3B�
COMPOUNDS�IN�MULTIWAFER�REACTORS�

)N� CONTRAST
�$-%ÌÌ�ALLOWED� REASONABLE�GROWTH� RATES� FOR� 	ÌL'A
3B�EVEN�AT� THE� LOWEST
EMPLOYED� TEMPERATURE� OF� ���l#�� (OWEVER
� THIS� IS� MERELY� DUE� TO� ITS� HIGHER� VAPOUR
PRESSURE�BECAUSE�THE�OVERALL�EFFICIENCY�IS�AS�POOR�AS�FOR�44"ÌL��*UST�LIKE�44"ÌL
�$-%ÌÌ�IS
KNOWN� TO�DECOMPOSE� READILY�AT� VERY� LOW� TEMPERATURES�AND� THE�OBSERVED� TEMPERATURE
DEPENDENCE� OF� THE� ÌL�CONCENTRATION� IS� AGAIN� BELIEVED� NOT� TO� REFLECT� THE� THERMAL
ACTIVATION�BEHAVIOUR�OF�THE�PRECURSOR��)NCREASING�THE�TOTAL�CARRIER�GAS�FLOW�RATE�LED�TO�A
HIGHER�EFFICIENCY�OF�$-%ÌÌ
� INDICATING�THAT� THE�RELATED�ACTIVATION�PROFILE� SHOWS�A�VERY
STEEP�DECREASE�JUST�AFTER�THE�INLET�NOZZLE�OF�THE�REACTOR��4HIS�RESULT�STANDS�FOR�SEVERE�PRE�
DEPOSITION�AND�WAS�CONFIRMED�BY�THE�DEPOSITION�PATTERN�VISIBLE�ON�THE�SUSCEPTOR�

)N�SECTIONS�������AND�������IT�WILL�BE�PROVEN�THAT�$-%ÌÌ�AND�44"ÌL�ARE�SUBJECT�TO�PRE�
REACTIONS� INVOLVING� �BOTH�4-3B�AND�4%'A��4HE�POOR�EFFICIENCIES�OF�44"ÌL�AND�$-%ÌÌ
MEASURED�ABOVE�CAN�THEREFORE�BE�ATTRIBUTED�TO�A�COMBINATION�OF�PRE�REACTIONS�AND� 	AT
LEAST� IN� THE� CASE� OF� $-%ÌÌ
� AS� WELL� PRE�DEPOSITION�� 4HE� OBSERVED� TEMPERATURE
DEPENDENCE�OF� THE�ALUMINIUM� INCORPORATION�CAN�POSSIBLY�BE�ATTRIBUTED� TO� THE� THERMAL
DECOMPOSITION�OF�A�PRE�REACTION�PRODUCT�OVER�THE�HOT�SUSCEPTOR��7HETHER�THE�OBSERVED
TEMPERATURE�DEPENDENCE�OF� THE�4-ÌL�EFFICIENCY� IS�DUE�TO� ITS�DECOMPOSITION�BEHAVIOUR
OR� AS� WELL� TO� PRE�REACTIONS� MUST� REMAIN� UNCLEAR�� 4HE� ABOVE� FINDINGS� COULD� NOT� BE
COMPARED� TO� RESULTS� FROM�OTHER� GROUPS�BECAUSE� NO� TEMPERATURE� DEPENDENT� EFFICIENCY
DATA�FOR�44"ÌL�OR�$-%ÌÌ�ARE�AVAILABLE�IN�THE�LITERATURE�

)N� SUMMARY
� THE� THERMAL� ACTIVATION�BEHAVIOUR�OF� 4-ÌL� IS� NOT� SUITED� TO� THE�GROWTH�OF
	ÌL'A
3B� IN� THE� MULTIWAFER� REACTOR�� 4HE� LOW�TEMPERATURE� SOURCES� $-%ÌÌ� AND� 44"ÌL
SUFFER� FROM� PRE�REACTIONS� AND� PRE�DEPOSITION�� "OTH� PRECURSORS� SHOW� A� POOR� OVERALL
EFFICIENCY� WHICH� IS� AS� WELL� TEMPERATURE� DEPENDENT�� 7HILE� THE� HIGH�VAPOUR� PRESSURE
SOURCE�$-%ÌÌ�CAN�STILL�GIVE�REASONABLE�GROWTH�RATES�IN�SPITE�OF�ITS�POOR�EFFICIENCY
�44"ÌL
CAN�NOT�BE�RECOMMENDED�FROM�THIS�POINT�OF�VIEW�
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ÌCCURATE�CONTROL�OF�THE�CRYSTAL�COMPOSITION�IS�A�VERY�IMPORTANT�POINT�FOR�THE�GROWTH�OF
TERNARIES�AND�QUATERNARIES��(ENCE
�THE�ÌL�CONCENTRATION�IN�THE�CRYSTAL�WAS�MEASURED�FOR
VARIOUS�DIFFERENT�GAS�PHASE�COMPOSITIONS��4HE�SITUATION�GETS�FURTHER�COMPLICATED� IN�THE
CASE� OF� 44"ÌL� AND� $-%ÌÌ� BECAUSE� THE� GROUP� 6� PARTIAL� PRESSURE� IN� THE� REACTOR� WILL
INFLUENCE� THE� GROUP� )))� COMPOSITION� OF� THE� CRYSTAL� 	SEE� SECTION� �����
�� 4HE� DATA� IN� THIS
SECTION�MUST� THEREFORE� BE� INTERPRETED� CAUTIOUSLY�� (OWEVER
� THE�MAIN� PHENOMENA� GET
CLEAR�EVEN�BY�A�MERELY�QUALITATIVE�DISCUSSION�

4HE�ANALYSIS�FOR�44"ÌL� IS�PARTICULARLY�DIFFICULT�BECAUSE�THE� LITERATURE�DATA�ON�THE�VAPOUR
PRESSURE� ARE� CONTRADICTORY� ;��
� ���=�� 4HEREFORE� IT�WAS�DECIDED� TO� START� THE� ANALYSIS� BY
GROWING�AND�ANALYSING�SOME�STRUCTURES�OF�THE�WELL�KNOWN�	ÌL'A
ÌS�SYSTEM��4HEREBY
�A
MINIMUM�VALUE�FOR�THE�VAPOUR�PRESSURE�OF�THE�ALUMINIUM�PRECURSOR�CAN�BE�ESTIMATED�

4HE�FUNCTIONAL�DEPENDENCE�BETWEEN�THE�GROUP�)))�PARTIAL�PRESSURES�IN�THE�GAS�PHASE�AND
THE�ALUMINIUM�CONCENTRATION�IN�THE�SOLID�CAN�BE�DESCRIBED�WITH�THE�FOLLOWING�EXPRESSION
THAT�DEFINES�A�ÀWELL�BEHAVEDÁ�PRECURSOR�

( )GaAl
partialTTBAlpartialTEGa

partialTTBAl xx
TTBAlPfTEGaPf

TTBAlPf
−==

⋅+⋅
⋅

1
)((...))((...)

)((...)

(ERE
�1QBSUJBM	���
�STANDS�FOR�THE�NOMINAL�PARTIAL�PRESSURES�OF�THE�PRECURSORS� IN�THE�GROWTH
ATMOSPHERE�AND�Y"M� STANDS�FOR� THE�ALUMINIUM�CONCENTRATION� IN� THE�SOLID��4HE�FUNCTIONS
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G55#"M� AND� G5&(B� DESCRIBE� ALL� DEVIATIONS� OF� THE� REAL� CONDITIONS� FROM� THE� NOMINAL� VALUES�
4HESE�FUNCTIONS�WILL�USUALLY�NOT�VANISH
�AND�SO�THE�RELATION�CAN�BE�SUMMARIZED�WITH�THE
DEFINITION� (...)(...):(...) TTBAlTEGa
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4HIS�EXPRESSION�CAN�BE�SHOWN�TO�BE�EQUIVALENT� TO� THE�WIDELY�USED�DESCRIPTION�USING�A
ÂDISTRIBUTION�COEFFICIENT�KÀ�WITH� IIIfk =: �
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4HIS� IS�AN�IMPORTANT�EXPRESSION�BECAUSE� IT�CONTAINS�ONLY�THE�USUAL�QUANTITIES�9WBQPVS�AND
YTPMJE�WHICH�ARE�EASY�TO�HANDLE��4HE�FUNCTION�IS�SHOWN�IN�FIGURE������FOR�DIFFERENT�VALUES
OF�K��ÌS�IT�CONTAINS�ONLY�ONE�FITTING�PARAMETER
�VERY�FEW�DATA�POINTS�ARE�USUALLY�SUFFICIENT
IN�ORDER�TO�OBTAIN�THE�FULL�INCORPORATION�MODEL�FOR�ALL�TERNARY�CRYSTAL�COMPOSITIONS�
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ÌS�MENTIONED�ABOVE
�THE�SITUATION�IS�FURTHER�COMPLICATED�FOR�44"ÌL�BECAUSE�THE�VAPOUR
PRESSURE� MUST� BE� TREATED� AS� UNKNOWN�� ÌN� ESTIMATE� FOR� A� MINIMUM� VALUE� CAN� BE
OBTAINED�BY�ASSUMING�L���AND�TREATING�THE�44"ÌL�VAPOUR�PRESSURE�AS�FITTING�PARAMETER�
4HE�RESULT� IS�SHOWN� IN�FIGURE�������4HE� 	ÌL'A
ÌS�INCORPORATION�BEHAVIOUR�OF�44"ÌL�CAN
BE�DESCRIBED�WITHIN�THE�ABOVE�MENTIONED�STANDARD�MODEL�FOR�WELL�BEHAVED�PRECURSORS�
4HE�CORRESPONDING�FITTING�PROCEDURE�GIVES�A�VALUE�OF������MBAR�AT���l#�FOR�44"ÌL��4HIS
RESULT� CAN� NOW� BE� USED� FOR� THE� ANALYSIS� OF� THE� INCORPORATION� BEHAVIOUR� IN� THE
ANTIMONIDES
�I��E��IN�	ÌL'A
3B�

4HREE� 	ÌL'A
3B� LAYERS�WITH� DIFFERENT� ÌL�CONCENTRATIONS� BUT� OTHERWISE� IDENTICAL� GROWTH
CONDITIONS�WERE�DEPOSITED�WITH�44"ÌL��4HE�RESULTS�ARE�SHOWN�IN�FIGURE�������ÌGAIN
�THE
DATA�CAN�BE�DESCRIBED�WITHIN�THE�STANDARD�MODEL�FOR�WELL�BEHAVED�PRECURSORS��(OWEVER

A�REDUCED�EFFICIENCY�OF�THE�44"ÌL�IS�FOUND��Ì�DISTRIBUTION�COEFFICIENT�OF������RESULTS�FROM
THE� FITTING� PROCEDURE�� 4HIS� CAN� PARTLY� BE� ATTRIBUTED� TO� THE� EMPLOYED� TEMPERATURE� OF
���l#� 	SEE� FIGURE� ����

� WHERE� 44"ÌL� HAS� NOT� YET� REACHED� ITS� MAXIMUM� EFFICIENCY�
(OWEVER
�THE�LACK�OF�EFFICIENCY�CAN�NOT�BE�FULLY�EXPLAINED�BY�THE�TEMPERATURE�ARGUMENT�
&URTHER� LOSS�MECHANISM�MUST� BE� ASSUMED� 	E�G�� PRE�DEPOSITION� AND� PRE�REACTIONS
� SEE
PREVIOUS�SECTION
��Ì�CORRESPONDING�LITERATURE�REPORT�;���=�IS�DISCUSSED�ON�PAGE����

3IMILAR�EXPERIMENTS�WERE�PERFORMED�WITH� THE�$-%ÌÌ��ÌS� RELIABLE�DATA�ON� THE� VAPOUR
PRESSURE�OF� THIS� SOURCE� ARE� AVAILABLE� FROM� THE�MANUFACTURERS
� NO� 	ÌL'A
ÌS�LAYERS�WERE
GROWN�IN�ADVANCE��$-%ÌÌ�WAS�WIDELY�USED�THROUGHOUT�THIS�WORK�FOR�REASONS�DERIVED�IN
THE� FOLLOWING� SECTION�� ÌS� A� CONSEQUENCE
� PLENTY� OF� DATA� POINTS� ARE� AVAILABLE� FOR� THE
ANALYSIS� OF� THE� INCORPORATION� BEHAVIOUR�� (ERE
� BOTH� 3)-3� AND� (2�82$�MEASUREMENTS
WERE� USED� TO� DETERMINE� THE� ÌL�CONCENTRATION� IN� THE� SOLID�� 4HE� RESULTS� ARE� SHOWN� IN
FIGURE� ������ 4HE� 3)-3� DATA� POINT� MARKED� AS� ÀNORMALIZATION� LAYERÁ� WAS� USED� FOR
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CALIBRATION� OF� THE� 3)-3� COUNT� RATE� ON� THE� BASIS� OF� A� (2�82$� MEASUREMENT� OF� A
CORRESPONDING�BULK�LAYER��4HE�FOLLOWING�RESULTS�CAN�BE�DRAWN�FROM�THE�DATA�

�
 4HERE� IS�ABSOLUTELY�NO�ALUMINIUM� INCORPORATION� FOR�GAS�PHASE� CONCENTRATIONS�BELOW
APPROXIMATELY� ������ #ONSEQUENTLY
� $-%ÌÌ� CAN� NOT� BE� DESCRIBED� BY� THE� ABOVE
STANDARD�MODEL�� )T� IS�NO�ÀWELL�BEHAVEDÁ�PRECURSOR�WITH�RESPECT�TO�THE�INCORPORATION
BEHAVIOUR�

�
 4HE� 3)-3� DATA� ARE�WELL� IN� AGREEMENT�WITH� THE�(2�82$� RESULTS� FOR� LAYERS� GROWN� AT
IDENTICAL�CONDITIONS��4HERE�ARE�THREE�REGIONS�WHERE�DEVIATIONS�OCCUR�
� &OR�$-%ÌÌ�CONCENTRATIONS�ABOVE�����THE�3)-3�DATA�ARE�HIGHER�THAN�THE�(2�82$

RESULTS��4HIS�CAN�BE�EXPLAINED�BY�THE�ONSET�OF�RELAXATION�IN�THOSE�LAYERS��&OR�A�GIVEN
ÌL�CONCENTRATION
� THE�82$�PEAK� LIES�CLOSER� TO�THE�SUBSTRATE�PEAK� IN�PARTLY� RELAXED
LAYERS� COMPARED� TO� FULLY� STRAINED� LAYERS�� ÌS� ALL� MEASUREMENTS� WERE� INTERPRETED
BASED�ON�THE�ASSUMPTION�OF�FULLY�STRAINED�CRYSTALS
�THE�82$�RESULTS�OF�PARTLY�RELAXED
LAYERS�UNDERESTIMATE�THE�TRUE�ÌL�CONCENTRATIONS��4HIS�BECOMES�PARTICULARLY�EVIDENT
FOR�THE�LAYERS�WITH�THE�HIGHEST�ÌL�CONCENTRATION��(ERE
�A�VERY�THIN�	I��E��ALMOST�FULLY
STRAINED
�^����NM
�BULK�SAMPLE�GAVE�THE�SAME�RESULT� IN�(2�82$�AND�3)-3
�WHILE
THE� TWO� OTHER� SAMPLES� SUGGESTED� DECREASING� ÌL�CONCENTRATIONS� WITH� INCREASING
THICKNESS�	I��E��INCREASING�RELAXATION
�^���NM�AND�^����NM
�

� &OR�$-%ÌÌ�CONCENTRATIONS�IN�THE�RANGE�������������THE�82$�DATA�FROM�SESSION�#�LIE
SYSTEMATICALLY� ABOVE� ALL� OTHER� POINTS�� (ERE
� A� NEW� $-%ÌÌ�BUBBLER� HAD� BEEN
CONNECTED�TO�THE�SYSTEM��4HIS�BUBBLER�NOT�ONLY�GAVE� INCREASED�ÌL�CONCENTRATIONS
BUT�AS�WELL�SIGNIFICANTLY�HIGHER�OXYGEN�LEVELS��4HESE�TWO�FINDINGS�MAY�WELL�HAVE�THE
SAME� UNDERLYING� REASON�� 4HE� CORRESPONDING� ALANE� DIETHYLETHERATE� ADDUCT� HAS� A
HIGHER�VAPOUR�PRESSURE�THAN�THE�DIMETHYLETHYLAMINE�ALANE�ADDUCT
�LEADING�TO�BOTH
A�HIGHER�OXYGEN�BOE�A�HIGHER�ALUMINIUM�CONCENTRATION�
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� 4HE�82$�DATA�POINT�FOR�A�BULK�SAMPLE�GROWN�AT�AN� INCREASED�(
�
�CARRIER�GAS� FLOW

RATE� OF� ��� L�MIN� LIES� WELL� ABOVE� ALL� OTHER� DATA� POINTS�� #LEARLY
� THE� EFFICIENCY� OF
$-%ÌÌ�IS�INCREASED�AT�HIGHER�GAS�VELOCITIES��4HIS�IS�AN�INDIRECT�CONFIRMATION�FOR�THE
OCCURRENCE�OF�PARASITIC�PRE�REACTIONS�AND�PRE�DEPOSITION�

5NFORTUNATELY
�NO�REPORTS�ON�THE�INCORPORATION�BEHAVIOUR�OF�$-%ÌÌ�IN�	ÌL'A
3B�COULD
BE�FOUND�IN�THE� LITERATURE��4HERE� IS�ONLY�ONE�CORRESPONDING�REPORT�ON�THE�BEHAVIOUR�OF
44"ÌL� ;���=�WHERE� THE� RESULTS� ARE� VERY� SIMILAR� TO� THE� ABOVE� OBSERVATIONS� FOR�$-%ÌÌ�
ÌLUMINIUM�COULD�ONLY� BE� FOUND� IN� THE� SOLID� IF� A� CERTAIN� GAS� PHASE� CONCENTRATION�WAS
EXCEEDED��#ONSEQUENTLY�THE�DISTRIBUTION�COEFFICIENT�WAS�NOT�WELL�DEFINED��(OWEVER
�THE
44"ÌL�EFFICIENCY�WAS�SMALLER�THAN���EVERYWHERE��*UST�LIKE�IN�SECTION������
�INCREASING�THE
6�)))�RATIO�LED�TO�A�REDUCED�ÌL�CONCENTRATION�IN�THE�SOLID��"ASED�ON�THESE�FINDINGS
�7ANG
;���=� AS�WELL� SUGGESTS� PRE�REACTIONS� BETWEEN� 44"ÌL� AND� 4-3B
� SO� THAT� ÌL�CONTAINING
SPECIES�ARE�DEPLETED�FROM�THE�GAS�PHASE�

)N� SUMMARY
� BOTH� PRECURSORS�HAVE� BEEN� SHOWN� TO�BE� SUBJECT� TO� A� REDUCED� EFFICIENCY�
4HIS�IS�MOST�LIKELY�DUE�TO�PRE�DEPOSITION�AND�PRE�REACTIONS
�SO�THAT�ÌL�CONTAINING�SPECIES
ARE�DEPLETED�FROM�THE�GAS�PHASE��7HILE�44"ÌL�STILL�HAS�A�ÀWELL�BEHAVEDÁ�INCORPORATION
WHICH�CAN�BE�ANALYTICALLY�DESCRIBED�WITH�THE�STANDARD�DISTRIBUTION�COEFFICIENT
� THE�DATA
POINTS�FOR�$-%ÌÌ�DO�NOT�FIT�INTO�THE�REGULAR�MODEL�

����� "STFOJD�JODPSQPSBUJPO

ÌS�ALREADY�SAID�ABOVE
�THE�LATTICE�MISMATCH�BETWEEN�'A3B�AND�	ÌL'A
3B�IS�MUCH�MORE
SIGNIFICANT�THAN�BETWEEN�'AÌS�AND�	ÌL'A
ÌS�FOR�COMPARABLE�ALUMINIUM�CONCENTRATIONS�
4HEREFORE
�FOR�THICK�BULK�LAYERS�ARSENIC�HAS�TO�BE�ADDED�TO�THE�CRYSTAL�IN�ORDER�TO�ADJUST
THE� CORRECT� LATTICE� CONSTANT�� )T�WAS�DECIDED� TO�USE� 4"ÌS� INSTEAD�OF� ARSINE�BECAUSE� THE
THERMAL�DECOMPOSITION�BEHAVIOUR�OF�4"ÌS�IS�MUCH�BETTER�SUITED�FOR�THIS�PURPOSE�;��=�

)N�ORDER�TO�ANALYSE�THE�MIXING�BEHAVIOUR�ON�THE�GROUP�6�SUBLATTICE�ONE�WOULD�NORMALLY
START�WITH�THE�EXPRESSION�DERIVED�ABOVE
�ADAPTED�TO�THE�GROUP�6�ELEMENTS�
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TMSbP

TBAsP
k

x

x

partial

partial

Sb

As ⋅=

(OWEVER
� #AO� ET� AL�� ;��=� HAVE� POINTED� OUT� THAT� FOR� ALLOYS� CONTAINING� ARSENIC� AND
ANTIMONY
� ARSENIC� IS� MUCH�MORE� LIKELY� TO� BE� INCORPORATED� INTO� THE� SOLID� BECAUSE� THE
BOND� BETWEEN� ARSENIC� AND� GALLIUM� IS� MUCH� STRONGER� THAN� BETWEEN� ANTIMONY� AND
GALLIUM�� ÌS� BOTH� 4-3B� AND� 4"ÌS� WILL� BE� COMPLETELY� PYROLISED� AT� TYPICAL� GROWTH
TEMPERATURES
� THERMODYNAMICS� CONTROLS� THE� INCORPORATION� BEHAVIOUR� ;��=� AND� A� VERY
HIGH� DISTRIBUTION� COEFFICIENT� WILL� RESULT� DUE� TO� THE� DIFFERENT� BOND� STRENGTHS�� )N� THIS
CONTEXT
� #HEN� ET� AL�� ;��=� HAVE� SHOWN� THAT� THE� ANTIMONY� CONCENTRATION� IN� ÌL	ÌS3B

SATURATES� RAPIDLY� WITH� INCREASING� ;4-3B=�;4-ÌL=�RATIO� 	WHEN� ;4"ÌS=�;4-ÌL=� IS� HELD
CONSTANT

� AND� THE� ARSENIC� CONCENTRATION� IN� ÌL	ÌS3B
� IS� A� LINEAR� FUNCTION� OF� THE
;4"ÌS=�4-ÌL=�RATIO�	WHEN�;4-3B=�4-ÌL=�IS�HELD�CONSTANT
��)N�CONCLUSION
�EXCESS�ANTIMONY
IN�THE�GAS�PHASE�DID�NOT� LEAD�TO� ITS�FURTHER� INCORPORATION� INTO�THE�ÌL	ÌS3B
�SOLID
�WHILE
ARSENIC�BEHAVED�VERY�MUCH�LIKE�A�GROUP�)))�ELEMENT�IN�STANDARD�MATERIAL�SYSTEMS�SUCH�AS
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	ÌL'A
ÌS�� 4HESE� RESULTS� CAN� BE� WELL� UNDERSTOOD� ON� THE� BASIS� OF� THE� DIFFERENT� BOND
STRENGTHS�MENTIONED�ABOVE�

#ONSEQUENTLY
�AN�ANALYSIS�ACCORDING�TO�THE�ABOVE�EXPRESSION�FOR�THE�GROUP�6�DISTRIBUTION
COEFFICIENT� DOES� NOT�MAKE�MUCH� SENSE�� )T� CAN� RATHER� BE� EXPECTED� THAT� IN� THE� CASE� OF
'A	ÌS3B
�THE�ARSENIC�INCORPORATION�IS�BETTER�DESCRIBED�BY�
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TEGaP
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k

x
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partial
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&OR�SMALL�ARSENIC�CONCENTRATIONS�THIS�EXPRESSION�CAN�BE�APPROXIMATED�AS

)(

)(

TEGaP

TBAsP
cx

partial

partial

As ⋅=

WHERE� C� IS� A� FREE� FITTING� PARAMETER�� 4HIS� LINEAR� APPROXIMATION� SHOULD� BE� SUITABLE� TO
DESCRIBE� THE�ARSENIC� INCORPORATION� IN� THOSE� CONCENTRATION� RANGES�WHICH� ARE�OF� INTEREST
FOR� THE� LATTICE� MATCHING� OF� 	ÌL'A
	ÌS3B
�� )N� ORDER� TO� VERIFY� THIS� ASSUMPTION

'A3B�'A	ÌS3B
�SUPERLATTICES� WERE� CHOSEN� AS� TEST� STRUCTURES�� 4HIS� HAS� TWO� ADVANTAGES
OVER� THE� DEPOSITION� OF� SIMPLE� TERNARY� BULK� LAYERS�� &IRSTLY
� THE� GROWTH� RATE� CAN� BE
DETERMINED� VERY� ACCURATELY� FROM� THE� SUPERLATTICE� SATELLITE� PEAKS� IN� THE� (2�82$�
3ECONDLY
� IT� HAS� TO� BE� CONSIDERED� THAT� THE� LATTICE� CONSTANT� OF� 'A	ÌS3B
� IS� HIGHLY
MISMATCHED�TO�'A3B�EVEN�FOR�VERY�SMALL�ÌS�CONCENTRATIONS��4HEREFORE�A�THICK�BULK�LAYER
FOR�82$�ANALYSIS�COULD�ONLY�CONTAIN�EXTREMELY�SMALL�AMOUNTS�OF�ARSENIC�BEFORE�RELAXATION
WOULD�OCCUR��)N�A�SUITABLY�DESIGNED�'A3B�'A	ÌS3B
�SUPERLATTICE�THERE�CAN�BE�MUCH�MORE
ARSENIC�IN�THE�'A	ÌS3B
�LAYERS�BECAUSE�THEIR�TOTAL�THICKNESS�IS�REDUCED��3TILL
�THE�THICKNESS
OF�THE�SINGLE�'A	ÌS3B
�LAYERS�AND�THE�NUMBER�OF�SUPERLATTICE�PERIODS�ARE�VERY�LIMITED�IN
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ORDER�TO�PREVENT�RELAXATION��Ì�SUITABLE�STRUCTURE�WAS�DEVELOPED�WHICH�FINALLY�CONTAINED
��� PERIODS� OF� ��� NM� 'A3B� AND� �� NM� 'A	ÌS

����
3B

����

� 	COMPARE� SECTION� �����
�� ÌN

EXAMPLE�FOR�AN�(2�82$�ROCKING�MEASUREMENT�CAN�BE�FOUND�IN�FIGURE������4HE�RESULTS�FOR
SMALL�ARSENIC�CONCENTRATIONS�ARE�SHOWN�IN�FIGURE�������4HE�EXPERIMENTS�ILLUSTRATED�IN�THE
FIGURE�WERE�PERFORMED�WITH�4-'A
�BUT� THE� SAME�BEHAVIOUR�WAS� IN�PRINCIPLE� FOUND�AS
WELL�FOR�4%'A��4HE�ABOVE�ASSUMPTION�OF�A�LINEAR�INCORPORATION�BEHAVIOUR�ACCORDING�TO

)(

)(

TEGaP

TBAsP
cx

partial

partial

As ⋅=

IS� CLEARLY� CONFIRMED�WITH� A� FITTING� CONSTANT� C� CLOSE� TO�UNITY��#ONSEQUENTLY
� THE� ARSENIC
CONCENTRATION� IN� QUATERNARY� ANTIMONIDES� CAN� EASILY� BE� CONTROLLED�� 4HE� OBSERVED
INCORPORATION�BEHAVIOUR�SHOULD�EVEN�MAKE� THE�GROUP�6�MIXING� FOR� LATTICE�MATCHING�OF
'A	ÌS3B
�AND�ÌL	ÌS3B
�TO�)N0�SUBSTRATES�A�RELATIVELY�STRAIGHTFORWARD�TASK�

%VENTUALLY�IT�SHOULD�BE�NOTED�THAT�THE�NECESSARY�PARTIAL�PRESSURES�FOR�4"ÌS�ARE�EXTREMELY
SMALL��/NLY�A�DOUBLE�DILUTED�CIRCUIT�CAN�BE�EXPECTED�TO�BE�A�RELIABLE�SOURCE�

����� 1BSBTJUJD�QSF�SFBDUJPOT��*OGMVFODF�PG�5.4C��BOE�5#"T�QBSUJBM�QSFTTVSF

7HEN� 	ÌL'A
ÌS� IS� GROWN� IN� A� STANDARD� -/60%� PROCESS� USING� 4-'A�4-ÌL�ÌS(
�

� THE

EXCESS� ARSINE� IN� THE� GROWTH� ATMOSPHERE� DOES� GENERALLY� NOT� INFLUENCE� THE� GROUP� )))
DISTRIBUTION� COEFFICIENT�� )N� OTHER�WORDS�� ÌS� NO� PARASITIC� PRE�REACTIONS� OCCUR� IN� THE� GAS
PHASE
� THE� EMPLOYED� 6�)))� RATIO� HAS� NO� INFLUENCE� ON� THE� CRYSTAL� COMPOSITION�� /N� THE
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CONTRARY
� FOR� 	ÌL'A
3B� IT� WAS� SHOWN� IN� THE� PRECEDING� SECTIONS� THAT� BOTH� 44"ÌL� AND
$-%ÌÌ� ARE� HIGHLY� LIKELY� TO� BE� SUBJECT� TO� PARASITIC� PRE�REACTIONS� INVOLVING� THE� OTHER
PRECURSORS��(OWEVER
�SO�FAR� IT� IS�UNCLEAR�WHICH�OF� THE�OTHER�PRECURSORS�UNDERGOES�PRE�
REACTIONS�WITH�THE�ALUMINIUM�SOURCES
�AND�TO�WHICH�EXTENT�

)N�ORDER�TO�ANALYSE�THE�RELATED�BEHAVIOUR�WITH�RESPECT�TO�THE�GROUP�6�SOURCE
�	ÌL'A
3B
WAS� GROWN� USING� $-%ÌÌ� AND� 44"ÌL�� 7HILE� ALL� OTHER� GROWTH� PARAMETERS� WERE� HELD
CONSTANT
�THE�6�)))� RATIO�WAS�VARIED��4HE�RESULTS�ARE�SHOWN� IN�FIGURE�������ÌN� INCREASED
6�)))� RATIO� LED� TO� A� SIGNIFICANTLY� REDUCED� ALUMINIUM� CONCENTRATION� IN� THE� SOLID� FOR� BOTH
ALUMINIUM�SOURCES��4HE�EFFECT� IS�MORE�DRAMATIC� IN�THE�CASE�OF�$-%ÌÌ�THAN�FOR�44"ÌL�
4HE� OBSERVED� BEHAVIOUR� CAN� BE� ATTRIBUTED� TO� SEVERE� PRE�REACTIONS� BETWEEN� BOTH� ÌL�
PRECURSORS�AND�4-3B��4HE�STEEPER�DECREASE�OF�THE�$-%ÌÌ�CURVE�COMPARED�TO�THE�44"ÌL
IS�IN�LINE�WITH�THE�WELL�KNOWN�HIGH�REACTIVITY�OF�AMINE�ALANE�ADDUCTS�;��=�

4HIS�RESULT�HAS�IMPORTANT�CONSEQUENCES��&IRSTLY
�THE�6�)))�RATIO�HAS�TO�BE�ADJUSTED�AS�SMALL
AS�POSSIBLE�IN�ORDER�TO�MAXIMISE�THE�GROUP�)))�EFFICIENCY��3ECONDLY
�THE�EFFECTIVE�6�)))�RATIO
OVER�THE�GROWTH�SURFACE�FOR�DIFFERENT�X

ÌL
�IS�DIFFICULT�TO�DETERMINE�DUE�TO�THE�PARASITIC�PRE�

REACTIONS� INVOLVING� BOTH� GROUP� )))�� AND� GROUP� 6�PRECURSORS�� 4HIRDLY
� THE� INCORPORATION
STUDIES�OF� THE�PRECEDING�SECTION�HAVE� TO�BE� INTERPRETED�CAREFULLY�BECAUSE� THEY�DEPEND
ON�THE�VARIOUS�6�)))�RATIOS��&OURTHLY
�THE�OBSERVED�EXTENT�OF�THE�PRE�REACTIONS�MAKES�ALKYL
EXCHANGE� REACTIONS� LIKELY
� WHICH� MIGHT� EVENTUALLY� LEAD� TO� AN� INCREASED� CARBON
INCORPORATION� INTO� THE� LAYERS� 	SEE� SECTION� �����
�� &IFTHLY
� IT� WILL� BE� VERY� DIFFICULT� TO
COMPARE�THE�MATERIAL�QUALITY�OF�	ÌL'A
3B�GROWN�AT�DIFFERENT�6�)))�RATIOS�BECAUSE�THE�ÌL�
CONCENTRATION�WILL� ALWAYS� VARY�WITH� THE�4-3B�VARIATION��(OWEVER
� IN�ONE�OF� THE�MANY
3)-3�STRUCTURES�EXAMINED�IN�THIS�WORK�TWO�LAYERS�COULD�BE�IDENTIFIED�WITH�AN�EFFECTIVELY
IDENTICAL� ALUMINIUM� CONCENTRATION� GROWN� AT�DIFFERENT�6�)))� RATIOS�� 4HE� RESULTS� FOR� THESE
LAYERS� GROWN� USING� 44"ÌL� IS� SHOWN� IN� FIGURE� ������ 7HILE� THE� CARBON� CONCENTRATION
INCREASES� WITH� INCREASING� 6�)))� RATIO
� THE� OXYGEN� CONTAMINATION� DECREASES�� 4HIS� RESULT
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SUGGESTS� THAT� THE� ORIGIN� OF� THE� CARBON� CONTAMINATION� IS� THE� GROUP� 6� SOURCE
� WHILE
OXYGEN� IS� PRESENT� IN� THE� GROUP� )))� SOURCES� OR� THE� REACTOR� ENVIRONMENT�� #ONSEQUENTLY

HIGH�PURITY�ÌL�PRECURSORS�SHOULD�BE�EMPLOYED�AT�LOW�6�)))�RATIOS�IN�ORDER�TO�OPTIMISE�THE
MATERIAL�QUALITY�

3IMILARLY
�THE�OXYGEN�AND�CARBON�CONCENTRATIONS�WERE�COMPARED�FOR�LATTICE�MISMATCHED
	ÌL'A
3B� AND� LATTICE�MATCHED� 	ÌL'A
	ÌS3B

� BOTH� DEPOSITED� WITH� 44"ÌL�� .O� BENEFICIAL
INFLUENCE� OF� THE� ADDITIONAL� 4"ÌS� IN� THE�GAS� PHASE� COULD� BE� OBSERVED�� 4HE� AMOUNT� OF
ATOMIC� HYDROGEN� ADDED� TO� THE� PROCESS� BY� THE� ADDITION� OF� A� FEW� PERCENT� OF� 4"ÌS� IS
PROBABLY�NOT�SUFFICIENT�TO�LEAD�TO�A�SIGNIFICANT�EFFECT�

����� 1BSBTJUJD�QSF�SFBDUJPOT��%.&""�BOE�5&(B

)N�THE�PRECEDING�SECTION�IT�WAS�SHOWN�THAT�THE�ALUMINIUM�PRECURSORS�44"ÌL�AND�$-%ÌÌ
UNDERGO�PARASITIC�PRE�REACTIONS�INVOLVING�THE�GROUP�6�PRECURSOR�4-3B��(OWEVER
�SO�FAR�IT
REMAINED�UNCLEAR�WHETHER�THE�GALLIUM�PRECURSOR�4%'A�IS�AS�WELL�SUBJECT�TO�PRE�REACTIONS
WITH� THE� ALUMINIUM� PRECURSORS�� 4HIS� WAS� ANALYSED� IN� DETAIL� FOR� THE� PRECURSOR
COMBINATION�4%'A�$-%ÌÌ�4-3B�

4HE�PRINCIPAL�QUESTION�CAN�BE�EXPRESSED�AS�Â)S�THE
EFFICIENCY� OF� 4%'A� FOR� THE� GROWTH� OF� 'A3B� THE
SAME�AS�FOR�THE�GROWTH�OF�	ÌL'A
3B À��)N�ORDER�TO
FIND�AN�ANSWER� TO� THIS�PROBLEM
���'A3B�	ÌL'A
3B�
SUPERLATTICES�WITH�DIFFERENT�ÌL�CONCENTRATIONS�WERE
GROWN� AND� ANALYSED� BY� (2�82$�� 4HE� STRUCTURE� IS
PRESENTED� IN� FIGURE� ������ 4HE� PERIODICITY� OF� THE
SUPERLATTICE� AND� THE� AVERAGE� ALUMINIUM
CONCENTRATION� CAN� BE� OBTAINED� FROM� THE� RELATED
ROCKING�CURVES��"ESIDES
�IT�CAN�BE�ASSUMED�THAT�THE
EFFICIENCY�OF� 4%'A� IN� THE� ALUMINIUM�FREE� LAYERS� OF
THE� SUPERLATTICE� IS� KNOWN� FROM� THE� RESULTS� IN
SECTION��������4HE�THICK�	ÌL'A
3B�BULK�LAYER�ON�TOP
OF� THE� STRUCTURES� WILL� NOT� BE� ANALYSED� IN� THIS
SECTION�� (OWEVER
� IN� SECTION� ������� THIS� LAYER� WILL
BE� CONSIDERED� WITH� RESPECT� TO� ÌL�CARRY� OVER� AT
INTERFACES��Ì�THIN�'A3B�CAP�LAYER�IS�NOT�INCLUDED�IN
FIGURE������

'JSTUMZ� THE� SUPERLATTICES� WILL� BE� BRIEFLY� ANALYSED
ASSUMING�THAT� THERE�ARE�NO�PRE�REACTIONS�BETWEEN
$-%ÌÌ�AND�4%'A��4HIS�ASSUMPTION�WILL�BE�SHOWN
TO�BE�WRONG�� )N� A� DIFFERENT
� TFDPOE�APPROACH� THE
EXTENT�OF�THE�PRE�REACTIONS�WILL�BE�ESTIMATED�

)F�NO�PRE�REACTIONS�BETWEEN�4%'A�AND�$-%ÌÌ�ARE�ASSUMED
� THE�GROWTH� RATE�OF�'A3B
SHOULD�BE�A�LINEAR�FUNCTION�OF�THE�MOLAR�FLOW�RATE�OF�4%'A�INTO�THE�GROWTH�CHAMBER
�NO
MATTER� IF� $-%ÌÌ� IS� PRESENT� OR� NOT�� )F� THIS� ASSUMPTION� IS� VALID
� ONE� CAN� EVALUATE� THE
PERIODICITY� OF� THE� SUPERLATTICE� ON� THE� BASIS� OF� THE� KNOWN� EFFICIENCY� OF� 'A3B� AND� THE
SUPERLATTICE¾S� MEASURED� AVERAGE� ALUMINIUM� CONCENTRATION�� 4HE� RESULTING� SUPERLATTICE
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PERIODICITY�CAN�THEN�BE�COMPARED�TO�THE�MEASURED�VALUE��4HIS�ANALYSIS�WILL�SHOW�THAT�THE
ABOVE�ASSUMPTIONS�OF�A�LINEAR�BEHAVIOUR�AND�THE�ABSENCE�OF�PRE�REACTIONS�DO�NOT�HOLD
FOR�4%'A�IN�	ÌL'A
3B�

4HE�GROWTH�RATE�OF�'A3B�IN�A�$-%ÌÌ�FREE�ENVIRONMENT�HAS�BEEN�MEASURED�BY�USE�OF
'A3B�'A	ÌS3B
�SUPERLATTICES� 	SECTION� �����
�� 4HERE
� PRE�REACTIONS� BETWEEN� 4%'A� AND
4-3B�HAVE�NOT�BEEN�OBSERVED��ÌT�A�MOLAR� FLOW� RATE�OF��������MMOL�MIN� FOR�4%'A�A
GROWTH� RATE� OF� ����� oM�H� WAS� MEASURED� FOR� 'A3B�� /NE� CAN� THEREFORE� ASSUME� THE
THICKNESS�OF�THE�'A3B�IN�ALL�'A3B�	ÌL'A
3B�SUPERLATTICES�TO�BE������NM�ACCORDING�TO�THE
COMMON�'A3B�GROWTH�TIME�OF������SECONDS�

.EGLECTING�THE�SMALL�DIFFERENCE�	����
�IN�THE�LATTICE�CONSTANTS�BETWEEN�ÌL3B�AND�'A3B

THE�FOLLOWING�DEFINITIONS�WILL�BE�USED�IN�THE�CALCULATIONS�

)1(])[(:][ )( AlSbAlGa xSbAlGadGaSbd −⋅= 
� AlSbAlGa xSbAlGadAlSbd ⋅= ])[(:][ )(

��� SbAlGaSbAlGa AlSbdGaSbdSbAlGad )()( ][][])[( +=

ÌS�A�RESULT�THE�MEASURED�SUPERLATTICE�PERIODICITY�CAN�BE�WRITTEN�AS

SbAlGaSbAlGaSL AlSbdGaSbdGaSbdSbAlGadGaSbdd )()( ][][][])[(][ ++=+= � 	�


WITH� nm 6.21][ =GaSbd � AS� SHOWN� ABOVE�� ÌSSUMING� THAT� NO� PRE�REACTIONS� OCCUR


SbAlGaGaSbd )(][ � CAN� AS� WELL� BE� CALCULATED� FROM� THE� MOLAR� FLOW� RATE� OF� 4%'A� INTO� THE

REACTOR�AND�THEREFORE�TREATED�AS�KNOWN��Ì�FURTHER�EQUATION�CAN�BE�NOW�INTRODUCED�FOR
THE�AVERAGE�ÌL�CONCENTRATION�IN�THE�SUPERLATTICE�

( )][][][
][

)()(

)(

GaSbdGaSbdAlSbd
AlSbd

x
SbAlGaSbAlGa

SbAlGa
SL ++= � 	�


5SING� EQUATION� 	�
� ONE� CAN� ELIMINATE� SbAlGaAlSbd )(][ � IN� EQUATION� 	�
� AND� GET� THE

SUPERLATTICE�PERIODICITY�IN�THE�FOLLOWING�FORM�

( )
SL

SbAlGaSL

SbAlGaSL x

GaSbdGaSbdx
GaSbdGaSbdd

−
+

++=
1

][][
][][

)(
)( 	�


ÌS�A�RESULT
�SUPERLATTICE�PERIODICITIES�FOR�THE�DIFFERENT�SAMPLES�CAN�BE�CALCULATED�ON�THE
BASIS� OF� THE� AVERAGE� ALUMINIUM� CONCENTRATION� 	������ ����
� ������ ����
� ������ ����

����������
�AND�THE�KNOWN�EFFICIENCY�OF�4%'A��4HESE�CALCULATED�RESULTS�ARE�COMPARED�TO
THE�MEASURED�DATA�IN�THE�FOLLOWING�TABLE�

3AMPLE ���� ���� ���� ����
MEASURED�E4-
N�;NM= �� �� �� ��
CALCULATED�E4-
D�;NM= �� �� �� ��
E4-
D�E4-
N �� �� � ��

4HE� DISCREPANCY� BETWEEN� THE� CALCULATED� AND� THE� MEASURED� VALUES� 	E4-
D�E4-
N
� SHOWS
DIRECTLY�THAT�IT�IS�NOT�JUSTIFIED�TO�ASSUME�THE�ABSENCE�OF�PRE�REACTIONS�BETWEEN�4%'A�AND
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$-%ÌÌ��ÌLL� CALCULATED� PERIODICITIES� ARE� SIGNIFICANTLY� HIGHER� THAN� THE�MEASURED� VALUES�
4HIS�RESULT�CLEARLY�SUGGESTS�THAT�THE�EFFICIENCY�OF�4%'A�IS�VERY�MUCH�REDUCED�IF�$-%ÌÌ�IS
PRESENT� IN� THE� GROWTH� CHAMBER
� MOST� LIKELY� DUE� TO� PRE�REACTIONS� BETWEEN� THE� TWO
PRECURSORS�

#ONSEQUENTLY
�THE�GROWTH�RATES�OF�'A3B�AND�ÌL3B�IN�	ÌL'A
3B�MUST�CPUI�BE�TREATED�AS
UNKNOWN�DUE�TO�THE�UNKNOWN�EXTENT�OF�THE�PRE�REACTIONS��4HE�ABOVE�CALCULATIONS�HAVE
TO�BE�MODIFIED�CORRESPONDINGLY��(OWEVER
�ONE�CAN�STILL�ASSUME�THAT�IN�THE�ÌL�FREE�PART�OF
THE� STRUCTURE� THE� 4%'A�EFFICIENCY� IS� KNOWN
� I�E�� nm 6.21][ =GaSbd �� %QUATION� 	�

BECOMES

SbAlGaSbAlGaSL AlSbdGaSbdSbAlGadd )()( ][][])[(nm6.21 +==− �

.OW
� THE�NFBTVSFE� SUPERLATTICE� PERIODICITY� TOGETHER� WITH� THE�NFBTVSFE� AVERAGE� ÌL�
CONCENTRATION�OF�THE�SUPERLATTICE�WILL�BE�USED�TO�EVALUATE�THE�GROWTH�RATES�OF�THE�BINARY
CONSTITUENTS�IN�	ÌL'A
3B�

%QUATIONS� 	�
� AND� 	�
� CAN� BE� COMBINED� IN� ORDER� TO� GET� SlSlSbAlGa dxAlSbd ⋅=)(][ � AND

SbAlGaSLSbAlGa AlSbddGaSbd )()( ][6.21][ −−= �� ÌS� A� RESULT
� SbAlGaAlSbd )(][ � AND

SbAlGaGaSbd )(][ � CAN�NOW� INDEED�BE� EXPRESSED� IN� TERMS� OF� THE�MEASURED� DATA� SLx � AND

SLd �� 4HIS� CAN� NOW� BE� USED� TO� ANALYSE� THE� DECREASE� OF� THE� EFFICIENCY� OF� 4%'A� AS� A

FUNCTION�OF�X
ÌL
��+NOWING� SbAlGaGaSbd )(][ �AND�THE�CORRESPONDING�MOLAR�FLOW�RATE�OF�4%'A

INTO�THE�REACTOR
�THE�EFFICIENCY�OF�4%'A�CAN�BE�CALCULATED�AS�A�FUNCTION�OF�THE�ALUMINIUM

CONCENTRATION� IN� THE� 	ÌL'A
3B�
SbAlGaSbAlGa

SbAlGa
Al GaSbdAlSbd

AlSbd
x

)()(

)(

][][
][

+= �� 4HE

RESULTS�ARE

SAMPLE ��� ��� ��� ��� 	ÌL�FREE

Y"M ���� ���� ���� ���� �
EFFICIENCY� 4%'A
;NM�MMOL=

�� �� ��� ��� ���

&IGURE������GIVES� THE�EFFICIENCY�OF�4%'A�PLOTTED�AGAINST�Y"M�� )T� CAN�BE�CLEARLY� SEEN� THAT
THE� EFFICIENCY� OF� 4%'A� IS� REDUCED� IF� THE� ÌL�CONCENTRATION� INCREASES�� 4HIS� CAN� BE
QUALITATIVELY� UNDERSTOOD� BY� CONSIDERING� THAT� THE� $-%ÌÌ� MOLAR� FLOW� RATE� WAS� KEPT
CONSTANT� IN� ALL� LAYERS� 	�������MMOL�MIN
�� )F� IN� TURN� THE� AMOUNT� OF� 4%'A� LOST� IN� PRE�
REACTIONS�WITH�$-%ÌÌ� IS�AS�WELL�ASSUMED�TO�BE�APPROXIMATELY�CONSTANT
� THEN�A� LARGER
FRACTION�OF�THE�TOTAL�4%'A�FLOW�IS� LOST�WHEN�LESS�4%'A�IS� INTRODUCED�INTO�THE�REACTOR�AT
HIGHER�Y"M�� 4HEN
� THE�OVERALL� RESULT� IS� THAT� THE� EFFICIENCY� OF� 4%'A� IS� EFFECTIVELY� REDUCED
WHEN� THE�MOLAR� FLOW� RATES� OF� 4%'A� ARE� REDUCED� 	SEE� AS�WELL� FIGURE� CAPTION� ����
�� )N
SECTION� ������� IT�WILL� BE� SHOWN� THAT� A� CERTAIN� CARRY�OVER� OF� ALUMINIUM� INTO� THE�'A3B
LAYERS�IS�HIGHLY�LIKELY��4HIS�EFFECT�IS�NOT�INCLUDED�IN�THE�ABOVE�MODEL��#ONSEQUENTLY
�THE
ÌL� CONCENTRATIONS� IN� THE� 	ÌL'A
3B� LAYERS� MIGHT� BE� SLIGHTLY� SMALLER� THAN� THE� DATA
CALCULATED�ABOVE�

ÌS�MENTIONED�BEFORE
� IN�ALL�GROWTH�EXPERIMENTS� THE�$-%ÌÌ�MOLAR� FLOW� RATE� INTO� THE
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REACTOR�WAS�HELD�CONSTANT��)N�ORDER�TO�ADJUST�X
ÌL
�THE�4%'A�MOLAR�FLOW�RATE�WAS�ADJUSTED

CORRESPONDINGLY�� "ASED� ON� THESE� CONSTRAINTS
� THE� MOLAR� FLOW� RATE� OF� BOTH� 4%'A� AND
$-%ÌÌ� IS� KNOWN� FOR� A� CERTAIN� X

ÌL
�� )T� MAKES� THEREFORE� SENSE� TO� CALCULATE� AN� OVERALL

GROWTH�RATE�FOR�	ÌL'A
3B�AS�A�FUNCTION�OF�X
ÌL
�FROM�THE�ABOVE�DATA�POINTS��5SING�

SbAlGagrowthSbAlGagrowthgrowth AlSbvGaSbvSbAlGav )()( ][][])[( +=
AND

])[(][ )( SbAlGavxAlSbv growthAlSbAlGagrowth ⋅=
THE�RESULT�IS�

( )Al

SbAlGagrowth
growth x

GaSbv
SbAlGav −= 1

][
])[( )(

4HE�RESULTS�ARE�SHOWN� IN� FIGURE�������4HE�DOTTED� LINE� IS� JUST�A�GUIDE� TO� THE�EYE��4HREE
DIFFERENT�BULK� SAMPLES�WITH�X

ÌL
^�����SHOWED� THICKNESS� FRINGES�SO� THAT�AN� INDEPENDENT

DETERMINATION�OF�THE�	ÌL'A
3B�GROWTH�RATE�WAS�POSSIBLE��4HE�RESULTING�DATA�AGREE�WITHIN
���WITH�THE�VALUES�CALCULATED�ABOVE��ÌS�A�RESULT�THE�ABOVE�MODEL�FOR�THE�GROWTH�RATE�OF
	ÌL'A
3B� AND� THE� RELATED� PRE�REACTIONS� BETWEEN� $-%ÌÌ� AND� 4%'A� ARE� EVIDENTLY
SUPPORTED��#ONSEQUENTLY
�ALL�THICKNESSES�OF�	ÌL'A
3B�LAYERS�MENTIONED�LATER�IN�THIS�WORK
WILL�BE�BASED�ON�THE�ABOVE�MODEL��)T�IS�INTERESTING�TO�NOTE�THAT�THICKNESS�FRINGES�OF�LAYERS
GROWN�USING�44"ÌL� INDICATE� THE�SAME�TENDENCY�CONCERNING�A� REDUCED�4%'A�EFFICIENCY�
(OWEVER
� A� SYSTEMATIC� STUDY� OF� THE� PRE�REACTIONS� BETWEEN� 44"ÌL� AND� 4%'A� WAS� NOT
PERFORMED�
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����� $BSCPO�DPOUBNJOBUJPO

ÌPART� FROM� THE� DIFFICULTIES� CONCERNING� THE� INCORPORATION� BEHAVIOUR
� CARBON
CONTAMINATION� WILL� BE� A� FURTHER� MAJOR� PROBLEM� FOR� 	ÌL'A
3B� DUE� TO� THE� REASONS
DESCRIBED� IN� SECTION� ������� ÌS� CARBON� IS� USUALLY� INCORPORATED� AS� P�TYPE� IMPURITY
� A
SIGNIFICANT� HOLE� BACKGROUND� CONCENTRATION� MUST� BE� EXPECTED�� %SPECIALLY� THE� STANDARD
PRECURSOR� 4-ÌL� IS� KNOWN� TO� LEAD� TO� UNACCEPTABLY� HIGH� CARBON� CONCENTRATIONS� IN
	ÌL'A
3B��44"ÌL�AND�$-%ÌÌ�SHOULD�BE�PREFERABLE��ÌS�44"ÌL� IS�BELIEVED�TO�DECOMPOSE
VIA� A� β�HYDRIDE� ELIMINATION� ;���=� AND� $-%ÌÌ� HAS� NO� DIRECT� ÌL�#� BONDS� AT� ALL
� BOTH
PRECURSORS�ARE�EXPECTED�TO�DECREASE�THE�CARBON�LEVELS�IN�	ÌL'A
3B�SIGNIFICANTLY��(OWEVER

THE� EXTENT� OF� THE� PRE�REACTIONS� OBSERVED� ABOVE�MAKES� ALKYL� EXCHANGE� REACTIONS� LIKELY
BETWEEN�THE�DIFFERENT�METALORGANIC�PRECURSORS
�WHICH�MIGHT�AGAIN� INCREASE�THE�CARBON
INCORPORATION� INTO� THE� LAYERS��4HE�CARBON�CONTAMINATION� IN� 	ÌL'A
3B�WAS�MEASURED�BY
3)-3� AS� A� FUNCTION� OF� THE� ÌL�CONCENTRATION� IN� THE� SOLID�� 4HE� 3)-3� COUNT� RATE� WAS
CALIBRATED�BY� ION� IMPLANTATION�USING�AN� 	ÌL

���
'A

���

3B�SAMPLE��4HE� RESULTS� ARE� SHOWN� IN

FIGURE�������4HE�FIGURE�CONTAINS�FOUR�DIFFERENT�SETS�OF�EXPERIMENTS�

3ET�Ì� 4HE� SQUARES� STAND� FOR� EXPERIMENTS� WITH� 44"ÌL� IN� WHICH� THE� ALUMINIUM
CONCENTRATION�WAS�ADJUSTED�BY�A�VARIATION�OF�THE�RATIO�OF�THE�MOLAR�FLOW�RATES�OF
44"ÌL�AND�4%'A��ÌLL�OTHER�GROWTH�PARAMETERS�WERE�HELD�CONSTANT
�E��G���4GROWTH�
���l#�

3ET�"� 4HE� CIRCLES� STAND� FOR� EXPERIMENTS� WITH� 44"ÌL� IN� WHICH� THE� ALUMINIUM
CONCENTRATION�WAS�VARIED�BY�A�VARIATION�OF�THE�GROWTH�TEMPERATURE
�I��E��BY�TAKING
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ADVANTAGE� OF� THE� TEMPERATURE� DEPENDENT� INCORPORATION� BEHAVIOUR� DESCRIBED� IN
SECTION��������4HE�GAS�PHASE�COMPOSITION�WAS�HELD�CONSTANT�IN�THE�EXPERIMENTS�

3ET�#� 4HE� EXPERIMENTS� REPRESENTED� BY� UP�TRIANGLES� ARE� EQUIVALENT� TO� POINT� A

� EXCEPT
THAT�$-%ÌÌ�WAS�EMPLOYED�INSTEAD�OF�44"ÌL�AND�4GROWTH�WAS����l#�

3ET�$� 4HE�EXPERIMENTS�REPRESENTED�BY�DOWN�TRIANGLES�ARE�EQUIVALENT�TO�POINT�B

�EXCEPT
THAT�$-%ÌÌ�WAS� EMPLOYED� INSTEAD�OF� 44"ÌL��(OWEVER
� IT� IS� IMPORTANT� TO� NOTE
THAT�THESE�LAYERS�WERE�GROWN�USING�THE�$-%ÌÌ�BATCH�À"Á�WHICH�GAVE�HIGHLY�P�
TYPE�AND�OXYGEN�CONTAMINATED�LAYERS
�WHILE�THE�UP�TRIANGLE�POINTS�ARE�RELATED�TO
LAYERS� GROWN� USING� A� DIFFERENT� BATCH� OF� $-%ÌÌ� 	BATCH� ÀÌÁ
� THAT� GAVE� MUCH
BETTER�HOLE�AND�OXYGEN�DATA�

&OUR�MAIN�RESULTS�CAN�BE�DERIVED�FROM�THE�FIGURE�

�� ÌS�EXPECTED
�THE�CARBON�CONCENTRATION� INCREASES�WHEN�MORE�ALUMINIUM� IS�ADDED�TO
THE�CRYSTAL�

�� 4HERE�IS�NO�MAJOR�DIFFERENCE�BETWEEN�44"ÌL�AND�$-%ÌÌ��4HE�VALUES�FOUND�FOR�44"ÌL
ARE�JUST�SLIGHTLY�LOWER�THAN�THE�VALUES�FOUND�FOR�$-%ÌÌ�

�� 4HE�GROWTH�TEMPERATURE�DOES�NOT�SEEM�TO�HAVE�A�SIGNIFICANT�INFLUENCE�ON�THE�CARBON
INCORPORATION��	(OWEVER
�A�DATA�POINT�FOR�44"ÌL�AT����l#�GAVE�AN�EXTRAORDINARILY�HIGH
CARBON�CONCENTRATION��3IMILARLY
�THE�$-%ÌÌ�DATA�POINT�AT����l#�	BATCH�À"Á
�IS�MUCH
HIGHER� THAN� A� COMPARABLE� POINT� REPRESENTING� A� LAYER� GROWN� AT����l#� 	BATCH� ÀÌÁ
�
4HESE�RESULTS�SUGGEST�THAT�THE�CARBON�INCORPORATION�GETS�HIGHER�FOR�BOTH�PRECURSORS�IF
THE�GROWTH�TEMPERATURE�IS�BELOW�A�CERTAIN�MINIMUM�VALUE�


�� 4HE�TWO�DIFFERENT�$-%ÌÌ�BATCHES�GAVE�AN�EQUIVALENT�CARBON�CONCENTRATION�FOR�LAYERS
GROWN�AT�TEMPERATURES� CTgrowth °≥ 575 �
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/N� THE� ONE� HAND� THE� PYROLYSIS� ROUTES� FOR� BOTH� 44"ÌL� AND� $-%ÌÌ� MAKE� A� CARBON
INCORPORATION� UNLIKELY�� /N� THE� OTHER� HAND� BOTH� PRECURSORS� SHOW� COMPARABLY� HIGH
CARBON�CONCENTRATIONS�IN�THE�CRYSTAL��4HESE�RESULTS�TAKEN�TOGETHER�SUGGEST�THAT�AN�ALKYL
EXCHANGE�REACTION� IN�THE�GAS�PHASE�OR�ON�THE�GROWTH�SURFACE� IS� RESPONSIBLE� FOR� THE�#�
BACKGROUND�� 4HE� OBSERVED� BEHAVIOUR�PROPOSES� THAT� ACTIVATED� ALUMINIUM� SPECIES� REACT
WITH�ORGANIC�RADICALS�ARISING�FROM�THE�4%'A�AND�4-3B�DECOMPOSITION��4HIS�IS�CONFIRMED
BY�THE�FINDINGS�OF�7ANG�ET�AL�� IN� ;���=�WHERE�4%3B�GAVE�A�CARBON� LEVEL� IN�ÌL3B�WHICH
WAS�REDUCED�BY�AN�ORDER�OF�MAGNITUDE�COMPARED�TO�A�CORRESPONDING�LAYER�GROWN�USING
4-3B��ÌS�A�CONSEQUENCE�OF�THE�ASSUMPTION�OF�ALKYL�EXCHANGE�REACTIONS�THE�PROBLEM�OF
CARBON� CONTAMINATION� CAN� NOT� BE� SOLVED� BY� CHOOSING� A� DIFFERENT� NOVEL� ALUMINIUM
PRECURSOR�WITH�MORE� ADVANTAGEOUS� DECOMPOSITION� PROPERTIES�� )T� IS� VERY� LIKELY� THAT� THIS
PHENOMENON�CAN�BETTER�BE�SUPPRESSED�BY�KINETICS�THAN�BY�THERMODYNAMICS��#HANGES�IN
THE� GAS� FLOW� PATTERN� IN� THE� REACTOR� SHOULD� BE� INTRODUCED� IN� ORDER� TO� MINIMISE� THE
CONTACT�TIME�BETWEEN�THE�ALUMINIUM�PRECURSOR�AND�THE�OTHER�METALORGANIC�SOURCES�

����� 0YZHFO�DPOUBNJOBUJPO

)N�SECTION�������IT�WAS�SHOWN�THAT�AN�INCREASE�OF�THE�6�)))�RATIO�CAN�LEAD�TO�A�SIGNIFICANT
REDUCTION� OF� THE� OXYGEN� CONCENTRATION� IN� 	ÌL'A
ÌS� IF� ARSINE� IS� EMPLOYED� AS� GROUP� 6
SOURCE�� )N�CONTRAST� TO�THE�ARSENIDES
� THE�6�)))� RATIO�HAS� TO�BE�ADJUSTED� IN�A�VERY�NARROW
RANGE�CLOSE�TO�UNITY�FOR�THE�ANTIMONIDES��#ONSEQUENTLY
�THE�OXYGEN�LEVEL�IN�	ÌL'A
3B�CAN
NOT�BE�SIGNIFICANTLY�INFLUENCED�BY�THE�GROUP�6�OVERPRESSURE��4HEREFORE
�ALL�PRECURSORS�FOR
THE�-/60%�OF�	ÌL'A
3B�HAVE�TO�BE�EMPLOYED�IN�EXTREMELY�HIGH�PURITY�GRADES��)N�ORDER�TO
COMPARE�THE�OXYGEN�INCORPORATION�WITH�44"ÌL�AND�$-%ÌÌ
�THE�FOUR�SETS�OF�LAYERS�Ì���$
DESCRIBED� IN� SECTION� ������ WERE� ANALYSED� BY� 3)-3� WITH� REGARD� TO� THE� OXYGEN
INCORPORATION��4HE�RESULTS�ARE�SHOWN�IN�FIGURE������

7HILE�GENERALLY�AN�INCREASE�OF�THE�OXYGEN�LEVEL�WITH�INCREASING�ALUMINIUM�CONCENTRATION
XÌL�WAS�OBSERVED
� THE�OVERALL�OXYGEN� LEVELS�WERE�VERY�DIFFERENT� FOR�44"ÌL�AND�$-%ÌÌ�
4HIS� IS� A� MAJOR� DIFFERENCE� COMPARED� TO� THE� CARBON� CONTAMINATION� DESCRIBED� IN� THE
PRECEDING�SECTION�WHERE�BOTH�PRECURSORS�GAVE�VERY�SIMILAR�RESULTS�

&OR�44"ÌL�IT�WAS�FOUND�THAT�THE�HIGHER�THE�GROWTH�TEMPERATURE�FOR�A�GIVEN�XÌL�WAS
�THE
MORE�OXYGEN�WAS�FOUND�IN�THE�LAYERS�	SETS�Ì���"
�SQUARES�AND�CIRCLES�IN�FIGURE�����
��4HIS
BEHAVIOUR� SUGGESTS� THE� PRESENCE� OF� A� THERMALLY� ACTIVATED� OXYGEN� IMPURITY� IN� THE
PRECURSOR�� )N� CONTRAST� TO� THE� LAYERS� GROWN�WITH� 44"ÌL
� THE� OXYGEN� INCORPORATION� WAS
HIGHLY�REDUCED�WHEN�BATCH�ÀÌÁ�OF�$-%ÌÌ�WAS�EMPLOYED�	SET�#
�UP�TRIANGLES
�

Ì�FURTHER�BATCH�OF�$-%ÌÌ�	BATCH�À"Á
�SET�$
�DOWN�TRIANGLES
�GAVE�SIGNIFICANTLY�HIGHER
OXYGEN� LEVELS� COMPARED� TO� ALL� OTHER� RELATED� EXPERIMENTS�� 4HIS� RESULT� SUGGESTS� THAT� AN
ADDITIONAL� IMPURITY� WAS� PRESENT� IN� THE� $-%ÌÌ� BUBBLER� OF� BATCH� À"Á�� 7HEN� THE
TEMPERATURE�WAS� LOWERED� AT� OTHERWISE� IDENTICAL� GAS� PHASE� CONDITIONS
� THE� ALUMINIUM
CONCENTRATION�DECREASED�CORRESPONDINGLY�AS�EXPECTED�	SEE�SECTION������
��(OWEVER
�THE
OXYGEN� CONCENTRATION� REMAINED� CONSTANT� AT� VERY� HIGH� LEVELS� EVEN� FOR� THE� LOWEST
ALUMINIUM� CONCENTRATION�� /BVIOUSLY� IT� WAS� ONLY� THE� OVERALL� MOLAR� FLOW� RATE� OF� THE
PRECURSOR�INTO�THE�REACTOR�THAT�DETERMINED�THE�OXYGEN�INCORPORATION�WHILE�THE�	THERMALLY
DETERMINED
�EFFICIENCY�OF�$-%ÌÌ�PLAYED�NO�IMPORTANT�ROLE�
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)T� IS� INTERESTING� TO� NOTE� THAT� THERE�WAS� AS�WELL� A� HIGHLY� INCREASED� HOLE�BACKGROUND� IN
	ÌL'A
3B�GROWN�WITH�BATCH�À"Á�OF�$-%ÌÌ
�WHILE� THE� CARBON� CONTAMINATION�WAS�NOT
INFLUENCED�BY�THE�SUSPECTED�ADDITIONAL� IMPURITY��ÌS�OXYGEN� IS�UNLIKELY� TO� FORM�SHALLOW
ACCEPTOR� STATES
� AN� INCREASE� OF� THE� NATIVE� ACCEPTOR� CONCENTRATION� IN� THE� VICINITY� OF
OXYGEN� IMPURITIES� COULD� POSSIBLY� EXPLAIN� THE� INCREASED� HOLE� CONCENTRATIONS�� 4HE� HOLE
CONCENTRATIONS�OF�THE�MATERIAL�GROWN�IMMEDIATELY�AFTER�OPENING�THE�NEW�BUBBLER�WERE
SO� HIGH� THAT� N�TYPE� DOPING�WAS� COMPLETELY� IMPOSSIBLE�� ÌFTER�MANY� P�TYPE� LAYERS� HAD
BEEN�GROWN�WITH�THIS�PRECURSOR�BATCH
�THE�P�TYPE�BACKGROUND�OF�THE�MATERIAL�DECREASED
AND�N�TYPE� DOPING�WAS� AGAIN�POSSIBLE�� 4HIS� RESULTS� SUGGESTS� THAT� THE� OXYGEN� IMPURITY
HAD� A� HIGHER� VAPOUR� PRESSURE� THAN� $-%ÌÌ� AND� WAS� GRADUALLY� REMOVED� FROM� THE
BUBBLER�

&INALLY
� THERE�WERE� INDICATIONS� FOR�A�PRESSURE� INCREASE� IN� THE�BUBBLER�AFTER�A� LONG� TERM
STORAGE��4HIS�CAN�AS�WELL�BE�INTERPRETED�AS�A�DECOMPOSITION�PROCESS�WHICH�WAS�CATALYSED
BY�THE�PRESENCE�OF�AN�IMPURITY�

)N� SUMMARY
� $-%ÌÌ� HAS� GIVEN� THE� LOWEST� OXYGEN� LEVELS� IN� THE� ABOVE� EXPERIMENTS�
(OWEVER
� A� BAD� REPRODUCIBILITY� OF� THE� PURITY� WAS� FOUND�� 4HEREFORE� IT� IS� CONSIDERED
POSSIBLE�THAT�A�BETTER�44"ÌL�COULD�AS�WELL�PRODUCE�	ÌL'A
3B�LAYERS�WITH�COMPARABLY�LOW
OXYGEN� LEVELS�� .O� FINAL� EVALUATION� CAN� BE� GIVEN� CONCERNING� THIS� POINT�� 5NFORTUNATELY

VERY�LITTLE�RELATED�DATA�ON�/�CONTAMINATION�OF�	ÌL'A
3B�IN�THE�INVESTIGATED�COMPOSITION
RANGE�COULD�BE�FOUND�IN�THE�LITERATURE�;��
����
����=��4HE�ABOVE�OXYGEN�CONCENTRATIONS
IN�	ÌL'A
3B�GROWN�WITH�THE�FIRST�BATCH�OF�$-%ÌÌ�ARE�AMONG�THE�BEST�VALUES�PUBLISHED
SO�FAR�
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����� Q�UZQF�CBDLHSPVOE�EPQJOH

#ARBON� IS� A� P�TYPE� IMPURITY� IN� 	ÌL'A
3B�� #ONSEQUENTLY
� THE� SIGNIFICANT� CARBON
INCORPORATION� DESCRIBED� IN� SECTION� ������ WILL� LEAD� TO� A� HIGH� BACKGROUND� HOLE
CONCENTRATION��4HIS�HOLE�CONDUCTIVITY�IS�GENERALLY�A�MAJOR�PROBLEM
�AND�IT�WAS�NOT�UNTIL
����� THAT� N�TYPE� -/60%�GROWN� ÌL	ÌS
3B� WAS� FIRST� REPORTED� ;��
� ���=�� (OWEVER

ACCORDING� TO� FIGURE� ����� CARBON� CAN� NOT� BE� THE� ONLY� REASON� FOR� THE� HIGH� HOLE
CONCENTRATIONS� IN� 	ÌL'A
3B��7HILE� FOR� LAYERS�GROWN�USING�BATCH�ÀÌÁ�$-%ÌÌ� THE� HOLE
CONCENTRATIONS�AS�MEASURED�BY�(ALL�WERE�CLEARLY�BELOW�THE�CORRESPONDING�CARBON�LEVELS

THE�HOLE�CONCENTRATIONS�WERE�IJHIFS�THAN�THE�CARBON�BACKGROUND�IN�THE�CASE�OF�44"ÌL�
3IMILARLY
�BATCH�À"Á�OF�$-%ÌÌ�GAVE�MUCH�HIGHER�HOLE�CONCENTRATIONS�THAN�BATCH�ÀÌÁ

WHEREAS� THE� CARBON� LEVELS� WERE� COMPARABLE�� (OWEVER
� BOTH� 44"ÌL� AND� BATCH� À"Á�
$-%ÌÌ� HAD� VERY� HIGH� OXYGEN� CONTAMINATIONS� IN� COMMON�� Ì� SIMILAR� CONNECTION
BETWEEN�/�CONTAMINATION�AND�HIGH�P�TYPE�BACKGROUND�WAS�AS�WELL�REPORTED�IN�;��=��ÌS
OXYGEN� IS� UNLIKELY� TO� FORM� SHALLOW�ACCEPTOR� STATES
� AN� INCREASE� OF� THE� NATIVE� ACCEPTOR
CONCENTRATION� IN� THE� VICINITY� OF� OXYGEN� IMPURITIES� COULD� POSSIBLY� EXPLAIN� THE� INCREASED
HOLE� CONCENTRATIONS� IN� THE� SAMPLES�WHERE� THE� HOLE� LEVEL� WAS� HIGHER� THAN� THE� CARBON
LEVEL�

4HE�OVERALL�HOLE�CONCENTRATIONS�AS�A�FUNCTION�OF�THE�ALUMINIUM�CONCENTRATION�ARE�SHOWN
IN� FIGURE� ������ÌS� EXPECTED
� THE� HOLE� BACKGROUND� INCREASES�WITH� INCREASING� XÌL��7HILE
BATCH�ÀÌÁ�$-%ÌÌ�GAVE�THE�BEST�	�LOWEST
�HOLE�CONCENTRATIONS
�44"ÌL�AND�BATCH�À"Á�
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$-%ÌÌ� SHOWED� MUCH� STRONGER� P�TYPE� BEHAVIOUR�� "ESIDES
� THE� FILMS� GROWN� IN
PRELIMINARY�EXPERIMENTS�WITH�4-ÌL�GAVE�THE�HIGHEST�HOLE�CONTAMINATIONS�OF�ALL�SAMPLES�
ÌS�ALREADY�MENTIONED�ABOVE
�NO�FINAL�EVALUATION�CONCERNING�THE�CHOICE�BETWEEN�44"ÌL
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AND� $-%ÌÌ� AS� ÌL�PRECURSOR� CAN� BE� GIVEN�� $UE� TO� THE� BAD� REPRODUCIBILITY� OF� THE
PRECURSOR�PURITY�THE�COMPARABILITY�BETWEEN�THE�SOURCES�WAS�LIMITED�

4HE�MEASURED�MOBILITIES�OF�THE�SAMPLES�IN�FIGURE������ARE�PRESENTED�AS�A�FUNCTION�OF�THE
HOLE� CONCENTRATION� IN� FIGURE� ������ &OR� COMPARISON
� BINARY� 'A3B� LAYERS� ARE� AS� WELL
INCLUDED� IN� THE� FIGURE�� .O� SIGNIFICANT� DIFFERENCE� BETWEEN� 	ÌL'A
3B� LAYERS� GROWN�WITH
DIFFERENT� SOURCES� WAS� OBSERVED�� (OWEVER
� AS� EXPECTED� THE� 'A3B� MOBILITIES� WERE
SYSTEMATICALLY�HIGHER�THAN�THE�	ÌL'A
3B�VALUES�

������5FMMVSJVN�BT�O�EPQBOU

)T� IS�EXTREMELY�DIFFICULT�TO�ACHIEVE�N�TYPE�CONDUCTIVITY�FOR�-/60%�GROWN�	ÌL'A
3B��4WO
RELATED�PROBLEMS�HAVE�ALREADY�BEEN�MENTIONED�

�� $UE� TO� THE� P�TYPE� NATURE� OF� THE� GROUP� )6� ELEMENTS� SILICON� AND� GERMANIUM� IN� THE
-/60%�OF� ANTIMONIDES� IT� IS� DIFFICULT� TO� FIND� A� SUITABLE�DONOR� DOPANT�� 3UCCESSFUL� N�
DOPING�OF�	ÌL'A
3B�HAS�ONLY�BEEN�REPORTED�FOR�TELLURIUM�;��
����
����=�AND�TIN�;��

��=��(ERE
�THE� LATTER� IS�SOMEWHAT�SURPRISING�DUE�TO�THE�CONTRARY�BEHAVIOUR�OF�SILICON
AND�GERMANIUM�

�� .OMINALLY� UNDOPED� 	ÌL'A
3B� GROWN� BY� -/60%� IS� USUALLY� HIGHLY� P�TYPE� OR� NOT
ELECTRICALLY� ACTIVE� AT� ALL� DUE� TO� CARBON� AND� OXYGEN� CONTAMINATIONS�� /NLY� NOVEL� ÌL�
PRECURSORS� SUCH� AS� 44"ÌL� AND� $-%ÌÌ� HAVE� BEEN� REPORTED� TO� GIVE� 	ÌL'A
3B� LAYERS
WITH�REDUCED�HOLE�CONCENTRATIONS�THAT�EVENTUALLY�ALLOWED�N�TYPE�DOPING�

'JHVSF������ $PODFOUSBUJPOT�PG�FMFDUSPOT�IPMFT�BOE�UFMMVSJVN�BUPNT�JO�	"M
���
(B

���

4C�BT�B

GVODUJPO� PG� UIF� %&5F� NPMBS� GMPX� SBUF�� "U� 4101 −⋅ NNPM�NJO� UIF� O�UZQF
DPOEVDUJWJUZ�CSFBLT�EPXO�BOE�UIF�TBNQMFT�TIPX�Q�UZQF�CFIBWJPVS�
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all layers: xAl = 0.20
[DMEAA]=0.1196 mmol/min
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)N�THIS�CONTEXT�THE�CORRECT�INTERPRETATION�OF�(ALL�MEASUREMENTS�IS�QUITE�COMPLICATED�DUE
TO� THE� Γ �,�BAND�CROSSING�AT� XÌL �����AND� THE�,�8�BAND�CROSSING�AT� XÌL ������ ;�=�� 3)-3
MEASUREMENTS�HAVE� SHOWN� THAT� THE� CONCENTRATION�OF� TELLURIUM� ATOMS� IS� USUALLY�MUCH
HIGHER�THAN�THE�MEASURED�ELECTRON�CONCENTRATION�;���=��4HIS�EFFECT�CAN�PROBABLY�NOT�BE
FULLY�EXPLAINED�BY� THE�PRESENCE�OF�COMPENSATING�CARBON��7ANG�ET�AL�� ;���=� SUGGESTED
DEEP� ELECTRON� TRAPS� RELATED� TO� TELLURIUM� TO� CAUSE� THE� REDUCED� ELECTRON� CONCENTRATION�
4HE� 4E�DOPED� 	ÌL���'A���
3B� LAYERS� GROWN� FOR� THIS� WORK� SHOWED� ANOTHER� SURPRISING
PROPERTY�� ÌBOVE� A� CERTAIN� MOLAR� FLOW� RATE� OF� $%4E� INTO� THE� REACTOR
� THE� N�TYPE
CONDUCTIVITY� OF� 	ÌL���'A���
3B� BROKE� DOWN� AND� THE� SAMPLES� SHOWED� P�TYPE� BEHAVIOUR�
4HE�RESULT�IS�ILLUSTRATED�IN�FIGURE�������4HIS�EFFECT�CAN�MAYBE�BE�ATTRIBUTED�TO�AN�OXYGEN
IMPURITY�IN�THE�$%4E��)T�WAS�ALREADY�SUGGESTED�IN�SECTION�������THAT�THE�NATIVE�ACCEPTOR
CONCENTRATION� MIGHT� INCREASE� IN� THE� VICINITY� OF� OXYGEN� IMPURITIES�� (ENCE
� A� P�TYPE
BEHAVIOUR�MIGHT�WELL�OCCUR�FOR�HIGH�MOLAR�FLOW�RATES�OF�AN�OXYGEN�CONTAMINATED�$%4E�

&IGURE� ����� ILLUSTRATES� THE� MAIN� CHALLENGE� WHEN� N�TYPE� 	ÌL'A
3B� IS� TO� BE� GROWN� BY
-/60%��/NLY�A�VERY�NARROW�RANGE�OF�ATOMIC�TELLURIUM�CONCENTRATIONS�GIVE�N�TYPE�LAYERS�
7HEN� THE� TELLURIUM� CONCENTRATION� IS� TOO� LOW
� BACKGROUND� CARBON� ACCEPTORS� WILL
DOMINATE� THE� RESULTING� P�TYPE� LAYER�� /N� THE� OTHER� HAND
� WHEN� THE� TELLURIUM
CONCENTRATION�GETS� TOO�HIGH
� THE� LAYER�WILL� BECOME�P�TYPE� AS�WELL� 	PRESUMABLY�DUE� TO
OXYGEN� IMPURITIES
��#ONSEQUENTLY
�ONE�CAN�NEVER�BE�SURE� IF�A�4E�DOPED�-/60%�GROWN
	ÌL'A
3B�LAYER
� WHICH� SHOWS� UNWANTED� P�TYPE� CONDUCTIVITY
� CONTAINS� TOO� LITTLE� OR� TOO
MUCH� TELLURIUM�� ÌS� THE� ELECTRON� CONCENTRATION� IN� 4E�DOPED� ÌL	ÌS����3B����
� LATTICE�
MATCHED� TO� )NÌS� HAS� BEEN� REPORTED� TO� SATURATE� IN� THE� 1610 �RANGE� ;��=� WHILE� UP� TO

18103.2 ⋅ CM���HAS�BEEN� REPORTED� FOR�3N�DOPED�ÌL	ÌS����3B����

� TIN�MIGHT�BE�A�PROMISING
ALTERNATIVE�THAT�SHOULD�BE�CONSIDERED�FOR�FUTURE�EXPERIMENTS�

������%.&""�BU�JOUFSGBDFT��4UBCJMJTBUJPO�BOE�DBSSZ�PWFS

-ANY� DEVICE� APPLICATIONS� DEPEND� ON� ABRUPT� INTERFACES
� FOR� EXAMPLE� EMITTING� DEVICES
WITH� QUANTUM�WELL� ACTIVE� REGIONS� OR� TANDEM� SOLAR� CELLS�WITH� %SAKI� TUNNEL� DIODES�� 4HE
INTERFACE�QUALITY�AGAIN�DEPENDS�MAINLY�ON�THREE�POINTS�

�� $BO�UIF�QSFDVSTPST�CF�TXJUDIFE�PO�BOE�PGG�BCSVQUMZ 
/N�THE�ONE�HAND�MODERN�-/60%�EQUIPMENT�HAS�VERY�RAPID�GAS�SWITCHING�VALVES�SO
THAT�THE�GAS�PHASE�COMPOSITION�AT�THE�INLET�NOZZLE�CAN�INDEED�BE�SWITCHED�ABRUPTLY�
(OWEVER
� AN�ELEMENT� CAN�DESORB� FROM� THE� REACTOR�WALLS� AFTER� THE� RELATED�PRECURSOR
HAS� BEEN� SWITCHED� OFF
� I�� E�� AN�UNWANTED� CARRY�OVER� INTO� THE� SUBSEQUENT� LAYER� CAN
OCCUR�� "ESIDES
� SOME� PRECURSORS� CONDENSE� AT� THE� STAINLESS� STEEL� TUBES� BETWEEN
BUBBLER� AND� REACTOR�� CONSEQUENTLY
�WHEN� THE� SOURCE� IS� SWITCHED� INTO� THE� REACTOR� IT
WILL�NEED�SOME�TIME�TO�COVER�THE�TUBE�INSIDES�UNTIL�IT�REACHES�ITS�MAXIMUM�EFFICIENCY�

�� 8IJDI�FYDIBOHF�SFBDUJPOT�PDDVS�EVSJOH�HSPXUI�JOUFSSVQUJPOT 
7HEN�A�SHARP�INTERFACE�WITH�WELL�DEFINED�PROPERTIES�IS�DESIRED
�THE�GROWTH�IS�USUALLY
INTERRUPTED� FOR� A� FEW� SECONDS�BY� SWITCHING�OFF� THE�GROUP� )))� PRECURSORS�� 4HE� CRYSTAL
HAS�TO�BE�STABILISED�DURING�THESE�GROWTH�INTERRUPTIONS�UNDER�A�GROUP�6�ATMOSPHERE�
%XCHANGE� REACTIONS� CAN� OCCUR� IF� THE� STABILISING� PRECURSOR� IS� CHANGED� DURING� THE
GROWTH� INTERRUPTION�� 4HIS� EFFECT� IS� WIDELY� USED� IN� ORDER� TO� ADJUST� CERTAIN� INTERFACE
PROPERTIES�� &OR� THE� ANTIMONIDES� THE� GROUP� 6� EXCHANGE� REACTIONS� ARE� OF� PARTICULAR
INTEREST� FOR� )NÌS�'A3B�INTERFACES�� 2ELATED�-"%�EXPERIMENTS� ON� THE� ÌS�3B�EXCHANGE
ARE�REPORTED�FOR�EXAMPLE�IN�;��
����
����=�



���2ESULTS���-/60%�OF�)))�ANTIMONIDES�����������������������������������������������������������������������������

�� %PFT�EJGGVTJPO�PDDVS�EVSJOH�HSPXUI�PS�QSPDFTTJOH 
ÌT�TYPICAL�GROWTH�TEMPERATURES�CERTAIN�ELEMENTS�TEND�TO�DIFFUSE�READILY�THROUGH�THE
CRYSTAL��Ì� TYPICAL� EXAMPLE� IS� THE� DOPANT� ZINC�WHICH� SHOWS� DIFFUSION� EVEN� AT� DEVICE
PROCESSING� TEMPERATURES�� #ONSEQUENTLY
� THE� POSITION� OF� A� PN�JUNCTION� IN� A� RELATED
DEVICE�MAY� CHANGE� DURING�PROCESSING�� &OR� THIS� REASON� SO�CALLED� ÀSPACER�LAYERSÁ� ARE
FREQUENTLY� INCORPORATED� INTO� DEVICES� BASED� ON� PN�JUNCTIONS�� ÌS� DIFFUSION� OF
SUBSTITUTIONALLY� DISSOLVED� ATOMS� IN� A� CRYSTALLINE� SOLID� INVOLVES� POINT� DEFECTS� SUCH� AS
VACANCIES
� DIFFUSION� MAY� WELL� BE� EXPECTED� TO� BE� A� SIGNIFICANT� EFFECT� FOR� THE
ANTIMONIDES� DUE� TO� GENERALLY� ACCEPTED� NATURE� OF� THE� NATIVE� ACCEPTOR� DEFECT�
4HEREFORE�THE�SUBSTITUTION�OF�ZINC�BY�SILICON�AS�ACCEPTOR�DOPANT�DESCRIBED�IN�CHAPTER��
IS�CONSIDERED�AN�IMPORTANT�STEP�TO�STABLE�SOPHISTICATED�'A3B�BASED�DEVICE�STRUCTURES�

ÌMONGST�THE�ABOVE�POINTS�THE�SWITCHING�BEHAVIOUR�OF�THE�ALUMINIUM�PRECURSOR�	POINT��

IS�THE�MOST�DIFFICULT�PROBLEM�FOR�	ÌL'A
3B��&IRST�INDICATIONS�OF�RELATED�PROBLEMS�HAD�BEEN
REPORTED� IN� ;���=�WHERE� A� CARRY�OVER� OF� BOTH�'A� AND�ÌL�WAS� OBSERVED� FOR� ÌL3B�'A3B
SUPERLATTICES�GROWN�USING�4%'A
�4%ÌL�AND�4%3B��'IESEN�ET�AL��REPORT�A�SERIOUS�ALUMINIUM
MEMORY� EFFECT� FOR� 44"ÌL� EVEN� BETWEEN� DIFFERENT� GROWTH� RUNS� ;��=�� #ORRESPONDINGLY

7ANG�ET�AL��;���=�REPORT�AN�ACCUMULATION�OF�ELEMENTARY�ALUMINIUM�ON�THE�FINAL�GROWTH
SURFACE��ÌS�PARASITIC�PRE�REACTIONS�AND�PRE�DEPOSITION�HAVE�BEEN�SHOWN�TO�OCCUR�AS�WELL
IN�THIS�PRESENT�WORK
�THE�SWITCHING�BEHAVIOUR�OF�$-%ÌÌ�WAS�ANALYSED�IN�DETAIL��&IGURE
����� PRESENTS� A� 3)-3�MEASUREMENT� OF� THE�ÌL�CONCENTRATION� IN� AN� 	ÌL'A
3B�BULK� LAYER
WITH�NOMINALLY�CONSTANT�ALUMINIUM�CONCENTRATION�XÌL�WHERE�GROWTH� INTERRUPTIONS�WERE
INCLUDED� IN� THE� GROWTH� SEQUENCE�� 4HE� RELATED� INTERPRETATION� OF� THE� MEASUREMENT� IS
GIVEN�IN�THE�FIGURE�CAPTION��7HEN�THE�GROUP�)))�PRECURSORS�ARE�SWITCHED�ON
�$-%ÌÌ�OR
RELATED� PRE�REACTION� PRODUCTS� CONDENSE� AT� THE� TUBE� INSIDES� OR� AT� COOLER� REACTOR� PARTS�
4HIS�PARASITIC�PROCESS�LEADS�TO�A�REDUCED�$-%ÌÌ�EFFICIENCY�DURING�THE�FIRST�NANOMETERS
OF� 	ÌL'A
3B
� RESULTING� IN�A� LOWER� VALUE� FOR� XÌL��7HEN� THE�GROUP� )))� PRECURSORS� ARE� THEN
SWITCHED�OFF� FOR�A�GROWTH� INTERRUPTION
� THE�CONDENSED�$-%ÌÌ�OR� RELATED�PRE�REACTION
PRODUCTS�DESORB�AND�LEAD�TO�A�VERY�SLOW�GROWTH�OF�ÌL3B��4HE�RELATED�MATERIAL�HAS�BEEN
SHOWN�TO�BE�HIGHLY�CONTAMINATED�WITH�OXYGEN�AND�CARBON��4HE�PRESENTED�INTERPRETATION
IS�IN�LINE�WITH�THE�SEVERE�ALUMINIUM�MEMORY�EFFECTS�REPORTED�ABOVE�FOR�44"ÌL�;��
����=�

'JHVSF������
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Ì� FURTHER� EXPERIMENT� CONCERNING� ALUMINIUM� MEMORY� EFFECTS� WAS� INCLUDED� IN� THE
SUPERLATTICE� STRUCTURES� DESCRIBED� IN� SECTION� ������� 4HOSE� 	ÌL'A
3B�'A3B�SUPERLATTICES
WERE� CAPPED� WITH� AN� 	ÌL'A
3B�BULK� LAYER� WHICH� NOMINALLY� HAD� THE� SAME� ÌL�
CONCENTRATION�AS�THE�	ÌL'A
3B�IN�THE�SUPERLATTICE��7HILE�THE�ALUMINIUM�CONCENTRATION�XÌL
IN�THE�RELATED�LAYERS�OF�THE�SUPERLATTICE�WAS�CALCULATED�IN�SECTION������
�THE�VALUE�FOR�XÌL
IN�THE�	ÌL'A
3B�BULK�LAYER�CAN�BE�DIRECTLY�MEASURED�WITH�(2�82$��$UE�TO�THE�SIGNIFICANT
LATTICE� MISMATCH� BETWEEN� ÌL3B� AND� 'A3B� RELAXATION� EFFECTS� WERE� INCLUDED� IN� THE
ANALYSIS�� $ETAILS� ON� THE� (2�82$� MEASUREMENTS� CAN� BE� FOUND� IN� ;��=�� Ì� COMPARISON
BETWEEN�THE�XÌL �DATA�OF�BULK�AND�SUPERLATTICE�CAN�NOW�PROVIDE�FURTHER� INFORMATION�ON
THE�SWITCHING�BEHAVIOUR�OF�$-%ÌÌ�

&IGURE������SHOWS�THE�RATIO� BULKCESUPERLATTI

AlAl xx �AS�A�FUNCTION�OF�THE�ALUMINIUM�CONCENTRATION

IN� THE� BULK� MATERIAL�� )T� CAN� BE� SEEN� THAT� FOR� ALUMINIUM� CONCENTRATIONS� UP� TO
APPROXIMATELY������THE�VALUE�XÌL�OF�THE�	ÌL'A
3B�LAYER�IN�THE�SUPERLATTICE�IS�ALMOST�THE
SAME�AS�IN�THE�BULK�LAYER��&OR�HIGHER�ALUMINIUM�CONCENTRATIONS
�A�SIGNIFICANT�INCREASE�OF
THE� ALUMINIUM� CONCENTRATION� IN� THE� SUPERLATTICE� COMPARED� TO� THE� BULK� LAYER� CAN� BE
OBSERVED��4HIS�EFFECT�CAN�ONLY�BE�DUE�TO�THE�SWITCHING�BEHAVIOUR�OF�THE�SOURCES�AT�THE
INTERFACES� BECAUSE� THE� GROWTH� CONDITIONS� OF� BULK�	ÌL'A
3B� AND� SUPERLATTICE�	ÌL'A
3B
WERE� IDENTICAL� IN� ALL� OTHER� RESPECTS�� 4HE� FOLLOWING� EXPLANATION� FOR� THE� OBSERVED
BEHAVIOUR�IS�SUGGESTED�

4HE� ABOVE� 3)-3� MEASUREMENTS� HAD� SHOWN� THAT� $-%ÌÌ� DOES� NOT� PRODUCE� SHARP
INTERFACES�� 4HE� REACTOR� SEEMS� TO� TAKE� A� CERTAIN� TIME� TO� REACH� A� STABLE� INCORPORATION
BEHAVIOUR�WHEN�$-%ÌÌ�IS�SWITCHED�ON
�LEADING�TO�AN�OVERALL�ÀLOSSÁ�OF�ALUMINIUM�IN�AN
EPITAXIAL� STRUCTURE�� 3IMILARLY
� ÌL�CARRY� OVER� IS� BELIEVED� TO� HAPPEN� WHEN� $-%ÌÌ� IS
SWITCHED�OFF
�LEADING�TO�AN�OVERALL�ÀGAINÁ�OF�ALUMINIUM�IN�THE�LAYERS��ÌS�THE�'A3B�LAYERS
WERE� GROWN� AT� IDENTICAL� CONDITIONS� IN� ALL� SUPERLATTICE� SAMPLES� AND� THE� $-%ÌÌ�MOLAR

'JHVSF������ 3BUJP� BULKCESUPERLATTI
AlAl xx BT� B� GVODUJPO� PG� UIF� BMVNJOJVN� DPODFOUSBUJPO� JO� UIF

CVML�NBUFSJBM��5IF�PCTFSWFE��CFIBWJPVS�JT�CFMJFWFE�UP�CF�UIF�PWFSBMM�SFTVMU
PG�B�mMPTTn�QSPDFTT�PG�BMVNJOJVN�BU�UIF�JOUFSGBDF�'A3B�����	ÌL'A
3B�BOE�B
mHBJOn�QSPDFTT�PG�BMVNJOJVN�BU�UIF�JOUFSGBDF�	ÌL'A
3B����'A3B�	TFF�UFYU
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FLOW�RATE�WAS�HELD�CONSTANT�FOR�ALL�	ÌL'A
3B�LAYERS�IN�THIS�PRESENT�WORK
�A�SIMILAR�CARRY�
OVER�BEHAVIOUR�OF�ÌL�INTO�THE�'A3B�CAN�BE�EXPECTED�AT�THE�INTERFACE�	ÌL'A
3B����'A3B
FOR�ALL�SAMPLES��/N�THE�OTHER�HAND
�IN�THE�	ÌL'A
3B�LAYERS�OF�THE�SUPERLATTICES�THE�4%'A
MOLAR�FLOW�RATE�HAD�TO�BE�VARIED� IN�ORDER�TO�ADJUST�THE�ALUMINIUM�CONCENTRATION��ÌS�A
RESULT
�THE�SWITCHING�BEHAVIOUR�OF�$-%ÌÌ�HAS�PROBABLY�VARIED�FROM�ONE�SAMPLE�TO�THE
OTHER�AT�THE�INTERFACE�'A3B����	ÌL'A
3B��)N�THIS�CONTEXT
�THE�LOWER�GROWTH�RATE�AND�THE
LOWER�4%'A�MOLAR�FLOW�RATE�IS�BELIEVED�TO�LEAD�TO�A�QUICKER�STABILISATION�OF�THE�$-%ÌÌ
EFFICIENCY�FOR�HIGHER�XÌL¾S�

7ITHIN�THIS�MODEL�IT�IS�BELIEVED�THAT�FOR�MPXFS�ÌL�CONCENTRATIONS�THE�ÀLOSSÁ�OF�ALUMINIUM
DURING�THE�STABILISATION�PERIOD�IN�	ÌL'A
3B�IS�APPROXIMATELY�COMPENSATED�BY�THE�ÀGAINÁ
OF�ALUMINIUM�DUE�TO�CARRY�OVER�INTO�'A3B��ÌS�A�RESULT
�THE�RATIO� BULKCESUPERLATTI

AlAl xx �IS�ALMOST

ONE��&OR�IJHIFS�ÌL�CONCENTRATIONS
�THE�$-%ÌÌ�EFFICIENCY�IS�THOUGHT�TO�STABILISE�QUICKER
AND� THE� RELATED� ÀLOSSÁ� MIGHT� BE� REDUCED�� ÌS� THE� CARRY�OVER� ÀGAINÁ� AT� THE� INTERFACE
	ÌL'A
3B� ���'A3B� IS� CONSTANT� FOR� ALL� SAMPLES
� AT� HIGHER� XÌL¾S� THIS� GAIN� CAN� EVENTUALLY
BECOME�DOMINANT�OVER�THE�ÀLOSSÁ�ASSOCIATED�WITH�THE�STABILISATION�PERIOD�AT� THE�OTHER
INTERFACE��4HE�OVERALL�RESULT�IS�AN�INCREASED�AVERAGE�ÌL�CONCENTRATION�OF�THE�SUPERLATTICE
FOR�HIGHER�ÌL�CONCENTRATIONS�AS�OBSERVED�IN�FIGURE�������)T�MUST�BE�POINTED�OUT�THAT�THIS
INTRODUCES�A�SMALL�ADDITIONAL�ERROR�CONCERNING�THE�PRE�REACTION�ANALYSIS� IN�SECTION������
BECAUSE�STABILISATION��AND�CARRY�OVER�EFFECTS�WERE�EXCLUDED�FROM�THOSE�CALCULATIONS�

4HE�ABOVE�FINDINGS�HAVE�TO�BE�CONSIDERED�WHEN�DEVICES�ARE�DESIGNED��ÌS�THE�ÌL3B�LAYERS
DEPOSITED� DURING� A� GROWTH� INTERRUPTION� FOLLOWING� AN� 	ÌL'A
3B� FILM� ARE� HIGHLY
CONTAMINATED�WITH�OXYGEN
� THE� CORRESPONDING� INTERFACE� RECOMBINATION� VELOCITY�WILL� BE
VERY�HIGH��4HEREFORE
�CORRESPONDING�GROWTH� INTERRUPTIONS�HAVE�TO�BE�STRICTLY�AVOIDED� IN
THOSE� REGIONS� OF� THE� PHOTOVOLTAIC� DEVICES� 	SEE� SECTION� �
� WHERE� LONG� MINORITY� CARRIER
LIFETIMES�ARE�NECESSARY�

��� 4VNNBSZ

#HAPTER���HAS�GIVEN�A�SUMMARY�OF�THE�LESSONS�THAT�HAD�TO�BE�LEARNED�IN�ORDER�TO�DEPOSIT
HIGH�QUALITY�'A3B�BASED�STRUCTURES�IN�A�MULTIWAFER�-/60%�REACTOR��4HE�RANGES�FOR�MOST
'A3B�GROWTH� PARAMETERS� ARE� EXTREMELY� NARROW� AND� THE� MULTIWAFER� GEOMETRY� OF� THE
GROWTH�ENVIRONMENT�HAS�PROVEN�TO�BE�AN�ADDITIONAL�CHALLENGE��6ARIOUS�SUBSTRATE�ISSUES
HAVE� BEEN� DISCUSSED� SUCH� AS� WET�CHEMICAL� PREPARATION
� OXIDE� DESORPTION
� AND� FILM
MORPHOLOGY� VERSUS� SUBSTRATE�MISCUT�ANGLE�AND�6�)))� RATIO��ÌN�ACTIVATION�ENERGY� FOR� THE
OXIDE�DESORPTION�WAS�OBTAINED
�AND� IN�SITU�ETCHING�OF�'A3B�WAS�DEMONSTRATED�FOR� THE
FIRST� TIME� USING� 4"#L�� 4HE� GROWTH� RATE� OF� 'A3B� WAS� EXAMINED� AS� A� FUNCTION� OF� THE
GROWTH� PARAMETERS�� 4HE� ELECTRICAL� PROPERTIES� OF� UNDOPED� AND� N�TYPE� MATERIAL� WERE
ANALYSED��4HE�0,�PROPERTIES�OF�UNDOPED�'A3B�WERE�SHOWN�AS�A�FUNCTION�OF�THE�GROWTH
TEMPERATURE�AND�THE�6�)))�RATIO��4HE�ELECTRICAL�AND�OPTICAL�DATA�OF�THE�MATERIAL�ARE�WELL�IN
LINE� WITH� THE� BEST� VALUES� IN� THE� LITERATURE�� #ONSEQUENTLY
� THE� EMPLOYED� PRECURSOR
COMBINATION� 4%'A�4-3B�$%4E� CAN� BE� RECOMMENDED� FOR� THE� PARTICULAR� GROWTH
CONDITIONS� IN� THE� MULTIWAFER� REACTOR�� )N� ADDITION� TO� THE� ALUMINIUM�FREE� MATERIAL� THE
SUCCESSFUL�GROWTH�OF�HIGH�QUALITY� 	ÌL'A
	ÌS3B
�HAS� AS�WELL� BEEN�DEMONSTRATED� FOR� THE
FIRST�TIME�IN�A�MULTIWAFER�-/60%�REACTOR��ÌS�THE�STANDARD�ALUMINIUM�PRECURSOR�4-ÌL�IS
NOT�SUITED�FOR�THE�GROWTH�OF�ANTIMONIDES
�TWO�PROMISING�ALTERNATIVES�WERE�COMPARED�TO
EACH�OTHER��$-%ÌÌ�AND�44"ÌL�� 	ÌL'A
	ÌS3B
�WITH� LOW�OXYGEN�AND�CARBON� LEVELS�COULD



��������������������������������������������������������������������������������2ESULTS���-/60%�OF�)))�ANTIMONIDES

BE�GROWN�USING�$-%ÌÌ��(OWEVER
� THIS�HIGHLY� REACTIVE�PRECURSOR� IS� SUBJECT� TO�PARASITIC
PRE�REACTIONS�AND�PRE�DEPOSITION��4HIS�BECOMES�EVIDENT�BY�CONSIDERING�THE�UNUSUAL�NON�
LINEAR� INCORPORATION� BEHAVIOUR
� A� WHITE� POWDER� AS� PRE�REACTION� PRODUCT� ON� THE� INLET
NOZZLE
� THE� TEMPERATURE� DEPENDENT� EFFICIENCY� EVEN� FAR� ABOVE� THE� CORRESPONDING
DECOMPOSITION�TEMPERATURE
�REDUCED�EFFICIENCIES�THAT�DEPEND�ON�THE�MOLAR�FLOW�RATES�OF
OTHER�PRECURSORS
�HIGHER�EFFICIENCIES�AT�INCREASED�CARRIER�GAS�FLOW�RATES
�AND�FINALLY�A�NON�
ABRUPT�INCORPORATION�BEHAVIOUR�WHEN�THE�SOURCE�IS�SWITCHED�ON�OR�OFF��&OR�THE�PRECURSOR
COMBINATION� 4%'A�$-%ÌÌ�4-3B�4"ÌS� N�TYPE� DOPING� OF� 	ÌL'A
	ÌS3B
� WITH� TELLURIUM
WAS�SHOWN�TO�BE�POSSIBLE�BUT�VERY�DIFFICULT��"ASED�ON�RELATED�LITERATURE�REPORTS
�TIN�MIGHT
BE�WELL�SUITED�AS�AN�ALTERNATIVE�
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� 3FTVMUT���4JMJDPO�BT�OPWFM�BDDFQUPS�EPQBOU�JO�(B4C

3ILICON� IS� KNOWN� AS� AN� AMPHOTERIC� IMPURITY� IN� )))�6� COMPOUND� SEMICONDUCTORS�� )T
INCORPORATES� AS� N�TYPE� OR� P�TYPE� DEPENDING� ON� THE� GROWTH� CONDITIONS
� RELATIVE
TETRAHEDRAL� RADII
� AND� ELECTRONEGATIVITY�� )N� ÌS�� AND� 0�BASED� )))�6� SEMICONDUCTORS� THE
GROUP�6�RICH�GROWTH�CONDITIONS�LEAD�TO�AN�INCORPORATION�OF�3I�PREFERENTIALLY�ON�GROUP�)))�
SITES�UNDER�MOST�GROWTH�CONDITIONS
�MAKING�IT�A�COMMON�N�TYPE�DOPANT�;���=��ÌS�'A3B
IS�GROWN�AT�6�)))�RATIOS�CLOSE� TO�UNITY
� THERE� IS�NO�SIGNIFICANT�GROUP�6�OVERPRESSURE� THAT
COULD�INFLUENCE�THE�INCORPORATION�BEHAVIOUR�OF�SILICON��ÌS�A�RESULT
�3I�HAS�BEEN�FOUND�TO
BEHAVE�AS�ACCEPTOR�IN�'A3B�IN�-"%�;��=
�,0%�	REF�����IN�;�=

�-/60%��;��
���=�AND�MELT
GROWN�SUBSTRATES�	;��=�AND�REFERENCES�THEREIN
��(OWEVER
�THE�LEVEL�OF�UNDERSTANDING�AND
EXPERIENCE�CONCERNING�THIS�ACCEPTOR� IN�'A3B� IS� STILL� VERY� LIMITED��4HE� FOLLOWING�CHAPTER
PRESENTS�NOVEL� RESULTS�CONCERNING� THE� INCORPORATION�BEHAVIOUR
� THE�ELECTRICAL�PROPERTIES
AND� THE�OPTICAL� PROPERTIES� OF� 3I�ACCEPTORS� IN�-/60%�GROWN�MATERIAL�� )T� IS� SHOWN� THAT
3ILICON�CAN�BE�EMPLOYED�AS�A�WELL�BEHAVED�ACCEPTOR�DOPANT�FOR�'A3B�GROWN�BY�-/60%�
4HESE� RESULTS� FORM� THE� BASIS� OF� THE� FIRST� EVER� REPORTED� 3I�DOPED� 'A3B�BASED� DEVICES
PRESENTED�IN�CHAPTER���

"ESIDES
� SILICON� CAN� BE� EXPECTED� TO� HAVE� THREE� MAJOR� ADVANTAGES� OVER� ZINC� AS� THE
STANDARD�ACCEPTOR�DOPANT�IN�)))�6�SEMICONDUCTORS�

� :INC� IS� KNOWN� TO� HAVE� A� HIGH� DIFFUSIVITY� IN� )))�6� SEMICONDUCTORS� AT� GROWTH
TEMPERATURES� AND� EVEN� ALREADY� AT� TYPICAL� DEVICE� PROCESSING� TEMPERATURES�� &OR� THIS
REASON
� SO�CALLED� ÀSPACER�LAYERSÁ� ARE� FREQUENTLY� INCORPORATED� INTO� DEVICES� BASED�ON
PN�JUNCTIONS��3ILICON�AS�GROUP�)6�ATOM�SHOULD�NOT�SHOW�THIS�PROBLEM�

� :INC� HAS� A� HIGH� VAPOUR� PRESSURE� OVER� A� SEMICONDUCTOR� SURFACE� DURING� GROWTH�
#ONSEQUENTLY� IT� HAS� TO� BE� EMPLOYED� IN� EXCESS� AMOUNTS� WHICH� INFLUENCE� OTHER
MECHANISMS
�E�G��LATTICE�MATCHING�OF�	'A)N
0��3ILICON�DOES�NOT�SHOW�THIS�PROBLEM�

� ÌS�THE�SILICON�ACCEPTOR�INCORPORATES�ON�GROUP�6�SITES�AND�THE�NATIVE�ACCEPTOR�IN�'A3B
IS�ALWAYS�LINKED�TO�AN�3B�VACANCY
�SILICON�DOPING�CAN�BE�EXPECTED�TO�REDUCE�THE�.Ì
CONCENTRATION��ÌS�ZINC�INCORPORATES�ON�GALLIUM�SITES
�THIS�EFFECT�IS�UNLIKELY�FOR�ZINC�

��� *ODPSQPSBUJPO�CFIBWJPVS

)N�ORDER� TO� EXAMINE� THE� INCORPORATION� OF� SILICON� INTO�'A3B� IN� THE�-/60%�PROCESS
� 3I�
DOPED�LAYERS�WERE�ANALYSED�BY�3)-3��AND�(ALL�MEASUREMENTS��4HE�RESULTS�ARE�PRESENTED
IN�THE�FOLLOWING�FIGURE������4HE�CONCENTRATION�OF�ATOMIC�SILICON�AS�MEASURED�BY�3)-3�IS�A

LINEAR�FUNCTION�OF�THE�RATIO�OF�THE�MOLAR�FLOW�RATES�
][

][ 4

TEGa

SiH
�OVER�A�WIDE�RANGE�OF�DOPING

LEVELS�� /N� THE� OTHER� HAND
� THE� BEHAVIOUR� OF� THE� HOLE� CONCENTRATIONS� IS� SLIGHTLY� MORE
COMPLICATED�AND�WILL�BE�ANALYSED�IN�DETAIL�IN�SECTION���������)N�ADDITION
�THE�DOPING�LEVELS
FOR� THE� LIGHTLY�DOPED�SAMPLES�COULD�AS�WELL�BE�DETERMINED� FROM�#6�MEASUREMENTS�ON
PN�JUNCTIONS�WITH�HEAVILY�DOPED�N�LAYERS��Ì�VERY�GOOD�AGREEMENT�WITH� THE�ABOVE�(ALL
DATA�FOR�LIGHTLY�DOPED�SAMPLES�WAS�OBTAINED�
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��� $BSSJFS�NPCJMJUZ���DPNQFOTBUJPO

����� *OUSPEVDUJPO

)N�A�PURE
�INTRINSIC�SEMICONDUCTOR�THE�FREE�ELECTRON�AND�HOLE�DENSITIES�ARE�EQUAL��ÌT�4��+
THE�&ERMI�ENERGY� LIES�MIDWAY�BETWEEN� THE� VALENCE� AND� CONDUCTION�BAND�EDGES��7ITH
INCREASING� TEMPERATURE� IT�MOVES� SLOWLY� TOWARDS� THE� BAND�WITH� THE� SMALLER� DENSITY� OF
STATES��4HIS�SITUATION�CHANGES�IN�A�SEMICONDUCTOR�DOPED�WITH�ACCEPTORS
�DONORS�OR�BOTH�
ÌT�VERY�LOW�TEMPERATURES�L

#
5�IS�LESS�THAN�THE�BINDING�ENERGY�SO�THAT�ELECTRONS�	HOLES
�ARE

BOUND� TO� DONOR� 	ACCEPTOR
� IMPURITIES� AND� MAKE� RELATIVELY� LITTLE� CONTRIBUTION� TO
CONDUCTION��)N�THIS�TEMPERATURE�REGION�THE�MOBILE�CHARGE�CARRIERS�ARE�SAID�TO�BE�ÂFROZEN
OUTÀ��7HEN�K4� IS�GREATER� THAN� THE�BINDING�ENERGY�BUT� STILL�MUCH� LESS� THAN� THE�ENERGY
GAP� THE� IMPURITIES� ARE� IONISED� AND� THE� CARRIER� CONCENTRATION� IS� ALMOST� INDEPENDENT� OF
TEMPERATURE�	FYIBVTUJPO�SFHJPO
�� )F�THE�TEMPERATURE�IS� INCREASED�FURTHER
�EVENTUALLY�THE
EQUILIBRIUM�DENSITY�OF�THERMALLY�GENERATED�ELECTRONS�AND�HOLES�WILL�EXCEED�THE�EXCESS�OF
ELECTRONS�HOLES� DUE� TO� IMPURITIES� AND� THE� MATERIAL� WILL� BE� AN� INTRINSIC� SEMICONDUCTOR
	JOUSJOTJD�SFHJPO
�

4HE�&ERMI�LEVEL�IN�AN�N�TYPE�	P�TYPE
�SEMICONDUCTOR�AT�LOW�TEMPERATURES�LIES�NEAR�AND
�IF
THE� IMPURITY� CONCENTRATION� IS� VERY� HIGH
�WITHIN� THE� CONDUCTION� 	VALENCE
� BAND�� ÌS� THE
TEMPERATURE�INCREASES�AND�THE�INTRINSIC�REGION�IS�REACHED�THE�&ERMI�LEVEL�MOVES�TOWARDS
THE�CENTRE�OF�THE�ENERGY�GAP��7HEN�THE�DENSITY�OF�INTRINSIC�CARRIERS�GREATLY�EXCEEDS�THE

'JHVSF����� *ODPSQPSBUJPO�CFIBWJPVS�PG�TJMJDPO�JOUP�(B4C�
5IF� TJMJDPO� DPODFOUSBUJPO� BT� NFBTVSFE� CZ� 4*.4� JT� DPNQBSFE� UP� UIF� IPMF
DPODFOUSBUJPO�BU����,�
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IMPURITY�DENSITY�THE�VARIATION�OF�THE�&ERMI�LEVEL�WITH�TEMPERATURE�FOLLOWS�THAT�OF�A�PURE
MATERIAL�

)N�THE�DESCRIPTION�OF�THE�CARRIER�DENSITIES� IN�DOPED�SEMICONDUCTORS�THE�&ERMI�ENERGY�%&

CAN�BE�ELIMINATED�BY�FORMING�THE�PRODUCT� 2
innp= ��4HE�INTRINSIC�CARRIER�CONCENTRATION�O

J

CAN� BE� CALCULATED� IF� THE� EFFECTIVE� MASSES� IN� ALL� POPULATED� VALLEYS� OF� VALENCE� AND
CONDUCTION� BAND� ARE� KNOWN�� )N� 'A3B� THE� ,� MINIMA� IN� THE� CONDUCTION� BAND� LIE
ENERGETICALLY�VERY�NEAR�THE�+�MINIMUM
�THE�COMPLETE�EXPRESSION�IS

( ) Tk
E

lhhh
Tk

L

L
B

i
B

gap

B emmmem
h

Tk
n 22/32/32/3

2/3

2

2
2

−

Γ

∆Γ−
3/2 ⋅+⋅





 +⋅





 ⋅

⋅=
π

ÌCCEPTING�THE�EFFECTIVE�MASSES�GIVEN�IN�;��=
�THE�RESULTING�INTRINSIC�CARRIER�CONCENTRATION
AT� ���+� IS� -312 cm 107.1 ⋅=in �� 5SING� 2

innp= � TOGETHER� WITH� CHARGE� NEUTRALITY
+− +=+ DA NpNn �USEFUL�APPROXIMATIONS�CAN�BE�GIVEN�FOR�EACH�OF�THE�ABOVE�MENTIONED

TEMPERATURE�REGIONS�

ÌT� VERY� LOW� TEMPERATURES� K4� IS� COMPARABLE� TO� THE� MAJOR� IMPURITY¾S� BINDING� ENERGY�
7ITHOUT� PROOF
� THE� ELECTRON� DENSITY� IN� THIS� REGION� CAN� BE� APPROXIMATED� TO� BE






−⋅

kT

E
Nn D

D 2
exp~ �WHERE�&

%
� IS� THE�BINDING�ENERGY�OF� THE�DONOR�MEASURED� FROM� THE

EDGE� OF� THE� CONDUCTION� BAND�� 3IMILAR� EXPRESSIONS� APPLY� TO� P�TYPE�MATERIAL�� ÌT� HIGHER
TEMPERATURES� 	EYIBVTUJPO� SFHJPO
� ONE� CAN� ASSUME� THAT� ALL� IMPURITIES� ARE� IONIZED
� IE�

AA NN =− � AND� DD NN =+ �� 3UBSTITUTING� THIS� TOGETHER�WITH� 2
innp= � INTO� +− +=+ AA NpNn

AND� THEREBY� ELIMINATING� THE� MINORITY� CARRIER� CONCENTRATION
� THE� RESULT� FOR� A� P�TYPE
SEMICONDUCTOR�IS�THE�QUADRATIC�EQUATION� ( ) 022 =−−+ iAD nNNpp ��4HE�SOLUTION�IS

2

2

22 i
ADDA n

NNNN
p +




 −
±

−
= �

)N� THE� EXHAUSTION� REGION� ONE� CAN� NEGLECT� O
J
� AND� GET� DA NNp −= � AS� THE� SOLUTION�

	(OWEVER
� THE� ASSUMPTIONS� DD NN =+ � AND� ESPECIALLY� AA NN =− � ARE� NOT� STRICTLY� TRUE�

0LOTTING� 




−⋅

kT

E
Np A

A 2
exp~ � AGAINST�5� FOR�DIFFERENT�%Ì� SHOWS� THAT� THERE� CAN� STILL� BE� A

CONSIDERABLE�CONCENTRATION�OF�NEUTRAL�ACCEPTORS�PRESENT�AT�LIQUID�NITROGEN�TEMPERATURE�

ÌS� 2

innp= � AND� in � FOR� � 'A3B� IS� -312 cm 107.1)300( ⋅=Kni 
� IT� FOLLOWS� THAT� THE�MINORITY

CARRIER�CONCENTRATION�O�IN�P�TYPE�'A3B�AT�LIQUID�NITROGEN�TEMPERATURE�WILL�BE�NEGLIGIBLE
COMPARED� TO� THE� MAJORITY� CARRIER� CONCENTRATION� Q�� )N� (ALL�MEASUREMENTS� THE� GENERAL

EXPRESSION�FOR�THE�(ALL�COEFFICIENT� ( )2

22

np

np

H
npe

np
R

µµ

µµ

⋅+⋅

⋅−⋅
= �CAN�THEREFORE�BE�SIMPLIFIED�TO

pe
RH ⋅

= 1
�OR�

ne
RH ⋅

−= 1
�FOR�P��OR�N�TYPE�MATERIAL
�RESPECTIVELY�
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ÌT� HIGHER� TEMPERATURES� ONE� CAN� APPROXIMATE� ADi NNn −>> � AND

2

2

22 i
ADDA n

NNNN
p +




 −
±

−
= � GIVES� ( )nnp i == �� )N� THIS� TEMPERATURE� REGION� BOTH

CARRIER�TYPES�ARE�PRESENT�AND�THE�INTERPRETATION�OF�(ALL�MEASUREMENTS�BECOMES�DIFFICULT
BECAUSE�THE�GENERALIZED�FORMULA�FOR�3

)
�MUST�BE�USED��(OWEVER
�SEVERAL�HUNDRED�l#�ARE

NECESSARY�TO�GENERATE�SUFFICIENTLY�HIGH�CONCENTRATIONS�OF�INTRINSIC�CARRIERS�IN�'A3B�;��=�

����� 3FTVMUT

.OW�THE�ABOVE�CONSIDERATIONS�CAN�BE�APPLIED�TO�3I�DOPED�'A3B��ÌS�SHOWN�IN�����'A3B
WAS� DOPED� WITH� 3ILICON� TO� VARIOUS� DIFFERENT� DOPING� LEVELS� AND� A� RELATED� P�TYPE
CONDUCTIVITY� WAS� ACHIEVED�� )T� IS� OF� PARTICULAR� INTEREST� TO� FIND� OUT� THE� DEGREE� OF
COMPENSATION� OF� 3ILICON� IN� 'A3B� AS� THIS� IMPURITY� IS� USUALLY� INCORPORATED� AS� DONOR� IN
'AÌS�AND� )N0�� )N�ADDITION
� THE� INTERPRETATION�OF�0,� SPECTRA�OF�3I�DOPED�'A3B�DEPENDS
STRONGLY� ON� THE� BACKGROUND� DONOR� CONCENTRATION�� 4WO� DIFFERENT� METHODS� HAVE� BEEN
USED�IN�ORDER�TO�ESTIMATE�THE�DEGREE�OF�COMPENSATION�IN�THE�SAMPLES�

�TU�BQQSPBDI��NPCJMJUZ�WFSTVT�IPMF�DPODFOUSBUJPO
)N� ;���=� HOLE�MOBILITIES� FOR� 'A3B� ARE� CALCULATED� AS� A� FUNCTION� OF� THE� FREE� HOLE
CONCENTRATION� AT� ��+� AT� VARIOUS� COMPENSATION� RATIOS�� (OWEVER
� SOME� EFFECTS� WERE
EXCLUDED� FORM� THE� CALCULATIONS
� INCLUDING� SCATTERING� AT� DISLOCATIONS� 	WHICH� MUST� BE
EXPECTED� FOR� A� ���� LATTICE� MISMATCH� BETWEEN� 'A3B� AND� 'AÌS
� AND� HOPPING
CONDUCTIVITY� AT� LOW� TEMPERATURES� AND� HIGH� IMPURITY� CONCENTRATIONS�� .EGLECTING� THESE
EFFECTS
� THE�MOBILITIES�OF�SILICON�AND�ZINC�DOPED�SAMPLES�CAN�NOW�BE�COMPARED� TO� THE
CALCULATED� MOBILITIES� IN� ;���=� IN� ORDER� TO� OBTAIN� THE� COMPENSATION� RATIOS�� &IGURE� ���
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SHOWS�THE�HALL�MOBILITIES�OF�THE�SAMPLES�AS�A�FUNCTION�OF�THE�FREE�HOLE�CONCENTRATION�

#OMPARING�THE�MEASURED�(ALL�MOBILITIES�PRESENTED�IN�THE�ABOVE�FIGURE�TO�THE�CALCULATED
VALUES�TAKEN�FROM�;���=� 	WHICH�UNFORTUNATELY�HAVE�ONLY�BEEN�CALCULATED�FOR�RATHER� LOW
DOPING�LEVELS

�THE�MEASURED�MOBILITIES�CORRESPOND�TO�VERY�HIGH�COMPENSATION�RATIOS�FOR
SAMPLES�WITH�DOPING�LEVELS�IN�THE����� CM���RANGE
�REACHING�APPROXIMATELY�����FOR�A�NOT
INTENTIONALLY�DOPED�SAMPLE�WITH�P��+^���%��CM

����&OR�HIGHER�3I�DOPING�LEVELS�IN�THE�MID�
���� CM���RANGE
� A� CAUTIOUS� EXTRAPOLATION�OF� THE� CALCULATIONS� GIVEN� IN� ;���=� SUGGESTS� A

MUCH� LOWER� COMPENSATION� RATIO�OF� �
A

D
N

N ^����� ���� ����� 4HIS� RANGE�OF�HIGHER�DOPING

LEVELS�WILL�BE�ANALYSED�IN�MORE�DETAIL�BY�3)-3�MEASUREMENTS�DESCRIBED�IN�THE�FOLLOWING
TEXT��4HE�DATA�WILL�BE�SUMMARIZED�IN�FIGURE�����

3AMPLE� ����
� WHICH� WAS� CHOSEN� FOR� A� DETAILED� ANALYSIS� OF� THE� OPTICAL� PROPERTIES� OF
MODERATELY�3I�DOPED�'A3B� IN� SECTION����
� IS�NOT� INCLUDED� IN� FIGURE�����BECAUSE� IT�WAS
GROWN�UNDER�SLIGHTLY�DIFFERENT�GROWTH�CONDITIONS��)T�SHOWS�A�FREE�HOLE�CONCENTRATION�OF

���E���CM���AND�A�CORRESPONDING�COMPENSATION�RATIO�OF�APPROXIMATELY�
A

D
N

N ^������

ÌTTENTION�MUST�BE�DRAWN�TO�THE�FACT�THAT�LATTICE�MISMATCH�AND�THE�RESULTING�DISLOCATION
DENSITY�MIGHT�LEAD�TO�A�DEGRADATION�OF�THE�HOLE�MOBILITY��4HIS�EFFECT�WAS�NOT�INCLUDED�IN
THE� CALCULATIONS� IN� ;���=�� )T� SHOULD� HAVE� A� GREATER� IMPACT� ON� LIGHTER� DOPED� SAMPLES
BECAUSE�IONIZED�IMPURITY�SCATTERING�WILL�BE�MORE�DOMINANT�AT�HIGHER�DOPING�LEVELS��)T�CAN
THEREFORE�BE� SUSPECTED� THAT� THE� COMPENSATION� RATIO� OF� APPROXIMATELY� ���� FOR� THE�.Ì�
BACKGROUND� DOPED� SAMPLE� IS� POSSIBLY� OVER�ESTIMATED� TO� A� CERTAIN� EXTENT�� 4HIS
ASSUMPTION�IS�CONFIRMED�BY�COMPARING�THE�RESULTS�IN�;���=�TO�THE�DATA�GIVEN�IN�;��=��4HE
LATTER� PRESENTS� A� THOROUGH� ANALYSIS� OF� TEMPERATURE� DEPENDENT� (ALL�MEASUREMENTS� ON
DIFFERENT� NOT� INTENTIONALLY� DOPED� 'A3B� LAYERS
� THEREBY� GIVING� AN� INDEPENDENT
DETERMINATION� OF� DONOR� AND� ACCEPTOR� CONCENTRATIONS�� 4HE� AUTHORS¾� RESULTING
COMPENSATION� RATIOS� ARE� INDEED� SOMEWHAT� LOWER� COMPARED� TO� THE� VALUES� THAT� THEIR
MOBILITY�VERSUS�CONCENTRATION� DATA� WOULD� GIVE� IN� THE� MODEL� OF� ;���=�� .EVERTHELESS

"OSACCHI� ET� AL�� STILL� FIND� A� FAIRLY� CONSTANT� COMPENSATING� DONOR� CONCENTRATION� OF
APPROXIMATELY� ������ %��� CM��� AND� GET� COMPENSATION� RATIOS� BETWEEN� ���� AND� ���
DEPENDING�ON�THE�GROWTH�CONDITIONS��7HILE�ON�THE�ONE�HAND�THE�ABOVE�COMPENSATION
RATIO�OF�����INDEED�APPEARS�TO�BE�SLIGHTLY�OVER�ESTIMATED
�THE�MINOR�DEVIATION�FROM�THE
TRUE�VALUE�WILL�NOT�BE�SIGNIFICANT�WITH�RESPECT�TO�THE�CONCLUSIONS�DRAWN�IN�SECTION�������
4HE�NATURE�OF� THE� COMPENSATING�DONOR� IN� THE�NOT� INTENTIONALLY� DOPED� SAMPLES� HAS� TO
REMAIN�UNCLEAR�

ÌS� A� CONCLUSION
� THE� ABOVE� FINDINGS� SUGGEST� THAT� NOT�INTENTIONALLY� DOPED� AND� SLIGHTLY
SILICON�DOPED�'A3B� IS�HIGHLY� COMPENSATED�BY� AN�UNKNOWN�DONOR�� )N� CONTRAST
� SILICON�
DOPED� 'A3B� AT� HIGHER� DOPING� LEVELS� SHOWS� SIGNIFICANTLY� LOWER� COMPENSATION� RATIOS�
(ERE
� THE� CORRESPONDING� DONOR� WILL� BE� IDENTIFIED� TO� BE� AMPHOTERIC� SILICON� IN� THE
FOLLOWING�TEXT�

)T� SHOULD� BE� NOTED� THAT� 3I�DOPED� SAMPLES� WITH� HIGHER� DOPING� LEVELS� TEND� TO� SHOW
COMPARABLE� FREE� HOLE� CONCENTRATIONS� AT� ��+� AND� ���+
� WHILE� AT� LOWER� DOPING
CONCENTRATIONS� THE�MEASUREMENTS�AT���+�GIVE� INCREASINGLY� SMALLER�HOLE� CONCENTRATIONS
THAN�AT����+��4HIS�BEHAVIOUR�CAN�BE�QUALITATIVELY�UNDERSTOOD�BY�TAKING�INTO�ACCOUNT�THE
TWO�FOLLOWING�POINTS��&IRSTLY
�THE�MATERIAL�CAN�BE�EXPECTED�TO�SHOW�METALLIC�CONDUCTION
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AT� P�DOPING� LEVELS� ABOVE� APPROXIMATELY� 318101 −⋅ cm � ;��=�� 3ECONDLY
� THERE� ARE� TWO
ACCEPTORS�INVOLVED�WHICH�HAVE�DIFFERENT�IONIZATION�ENERGIES��)N�THE�LOWER�DOPED�SAMPLES

WHICH� ARE� DOMINATED� BY� THE� NATIVE� ACCEPTOR� WITH� A� HIGH� BINDING� ENERGY� OF
APPROXIMATELY����ME6�;��=
�THE�IONIZATION�OF�THE�ACCEPTORS�IS�FAR�FROM�COMPLETE�AT���+�
)N�CONTRAST
�THE�HIGHER�DOPED�SAMPLES�ARE�DOMINATED�BY�SILICON�ACCEPTORS�WHICH�HAVE�A
MUCH� LOWER� BINDING� ENERGY� 	SEE� SECTION� ���
�� ÌS� A� RESULT� THEIR� DEGREE� OF� THERMAL
ACTIVATION�DOES�NOT�CHANGE�SIGNIFICANTLY�BETWEEN���+�AND����+�

�OE�BQQSPBDI��4*.4�WFSTVT�)BMM
ÌSSUMING�THAT�3ILICON�IS�MAINLY�INCORPORATED�SUBSTITUTIONALLY
�THE�COMPENSATION�RATIO�CAN
AS�WELL�BE�ESTIMATED�BY�COMPARING�3)-3�DATA�TO�THE�FREE�HOLE�CONCENTRATION��(OWEVER

THIS� IS� COMPLICATED� BECAUSE� THE� HOLE� CONDUCTIVITY� IN� 'A3B� AT� LOW� DOPING� LEVELS� IS
SIGNIFICANTLY� INFLUENCED� BY� THE� BACKGROUND� CONCENTRATION� OF� NATIVE� ACCEPTORS�� 4HE
EXPERIMENTAL�DATA�WERE�THEREFORE�ANALYSED�IN�THE�FOLLOWING�WAY�
ÌS�SHOWN� IN� SECTION����
� THE�SILICON�CONCENTRATION��4J�� IN�'A3B�AS�MEASURED�BY�3)-3
CAN� BE� DESCRIBED� AS� A� LINEAR� FUNCTION� OF� THE� RATIO� OF� THE�MOLAR� FLOW� RATES� ;3I(�=� AND

;4%'A=�� ][
]4[1036.3 319

TEGa
SiHcmSi ⋅⋅>=< − ���4HE�FREE�HOLE�CONCENTRATION�AS�MEASURED

BY�(ALL�CAN�NOW�BE�DESCRIBED�AS�A�FUNCTION�OF�THE�SILICON�CONCENTRATION��3I���&IRSTLY�IT�IS
ASSUMED� THAT� THE� P�TYPE� CONDUCTIVITY� AT� DOPING� LEVELS� MUCH� HIGHER� THAN� THE� .Ì
CONCENTRATION� IS� DOMINATED� BY� 3ILICON� ACCEPTORS�� )T� FOLLOWS� THAT� THE� PERCENTAGE� OF� 3I
ATOMS� THAT� ARE� ELECTRICALLY� ACTIVE� AS� ACCEPTORS� IS� ����� ><⋅= SiN SiA 56.0, � ÌSSUMING

COMPLETE� IONISATION�OF� THE�ACCEPTORS�AT� ���+� LEADS� TO� ><⋅= SipSi 56.0 �� 3ECONDLY� IT� IS

ASSUMED�THAT�3ILICON�ACCEPTORS�AND�NATIVE�ACCEPTORS�BOTH�CONTRIBUTE�EQUALLY�TO�THE�TOTAL
ACCEPTOR� CONCENTRATION� AT� LOWER� DOPING� LEVELS�� NAASiAA NNN ,, += �� ÌGAIN
� COMPLETE

IONISATION�AT����+�GIVES� NASi ppp += ��ÌS�A�RESULT�ONE�GETS�THE�FOLLOWING�EXPRESSION�FOR

THE�FREE�HOLE�CONCENTRATION�� NApSip +><⋅= 56.0 ��4HIS�FUNCTION�IS�PLOTTED�IN�FIGURE����

1E16 1E17 1E18

1E16

1E17

1E18
 p as measured by Hall
 p = <Si>*0.56 + 1.6E16
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ACCEPTING� 16106.1 ⋅=NAp CM��� AND� ][
]4[1036.3 319

TEGa
SiHcmSi ⋅⋅>=< − �� 4HE� VALUE� OF

16106.1 ⋅=NAp � IN� THE� FUNCTION� IS� IN� GOOD� AGREEMENT� WITH� THE� VALUE� OF� 16102 ⋅=NAp

WHICH�WAS�MEASURED�FOR�A�TYPICAL�NOT�INTENTIONALLY�DOPED�SAMPLE�
)N�ORDER�TO�CONFIRM�THAT�THE�SILICON�INCORPORATION�AND�ACTIVATION�INTO�HOMOEPITAXIAL�AND
HETEROEPITAXIAL� 'A3B� IS� INDEED� COMPARABLE
� #6�MEASUREMENTS� WERE� PERFORMED� ON
HOMOEPITAXIALLY� GROWN� PN�JUNCTIONS�� )N� WELL�SUITED� SAMPLES� 	� I�� E�� SAMPLES� WHERE� THE
DOPING�RATIOS�WERE�SUCH�THAT�THE�CORRESPONDING�DEPLETION�WAS�ALMOST�ENTIRELY�IN�THE�P�
TYPE�MATERIAL
�THE�RESULTING�HOLE�CONCENTRATIONS�WERE�IN�VERY�GOOD�AGREEMENT�WITH�THE
HOLE� CONCENTRATION� DETERMINED� IN�(ALL�MEASUREMENTS� ON� HETEROEPITAXIAL� SAMPLES�� 4HIS
RESULT�CONFIRMS�THE�VALIDITY�OF�THE�METHOD�

4HE� ABOVE� RESULTS� CAN� NOW� BE� USED� TO� DETERMINE� THE� COMPENSATION� RATIO� OF� SILICON�
DOPED� 'A3B� AT� HIGHER� DOPING� LEVELS� WHERE� Sipp = �� /N� THE� ONE� HAND� THE� HOLE

CONCENTRATION�IN�THE�EXHAUSTION�REGION�CORRESPONDS�TO� DASi NNpp −== ��/N�THE�OTHER

HAND�ONE�CAN�ASSUME�THAT� SILICON� IS�MAINLY� INCORPORATED�SUBSTITUTIONALLY�AND� THEREFORE

DA NNSi +>=< � 	AND� ><⋅== Sipp Si 56.0 
�� 0UTTING� THESE� RESULTS� TOGETHER� ONE� GETS

( )DADASi NNNNpp +⋅=−== 56.0 
� WHICH� GIVES� A� COMPENSATION� RATIO� OF�
A

D
N

N ^

������ 4HIS� VALUE� IS� IN� GOOD� AGREEMENT� WITH� THE� RESULT� OBTAINED� ABOVE� USING� THE

THEORETICAL�HALL�MOBILITIES��4HAT�APPROACH�SUGGESTED�
A

D
N

N ^�������������FOR�THE�SAMPLES

IN�WHICH�THE�.Ì�CAN�BE�NEGLECTED�	I�E��ABOVE�P���+ ^��Ü��
16 cm-3 
��-OREOVER�THE�RESULT�IS

IN�GOOD�AGREEMENT�WITH�;��=�WHERE�COMPENSATION�RATIOS�OF�UP�TO�����WERE�REPORTED
FOR�3I�DOPED�'A3B�GROWN�ON�SEMI�INSULATING�'AÌS�

����� 4VNNBSZ

4WO�DIFFERENT�APPROACHES�HAVE�BEEN�USED�IN�ORDER�TO�FIND�THE�DEGREE�OF�COMPENSATION
FOR�SILICON�DOPED�P�TYPE�'A3B��&OR�LIGHTLY�DOPED�SAMPLES�THE�MEASURED�MOBILITIES�WERE
COMPARED� TO� CALCULATED� ONES
� WHEREAS� FOR� HIGHER� DOPING� LEVELS� 3)-3�� AND� (ALL�
MEASUREMENTS�WERE� COMPARED�� )N� THE� TRANSITION� REGION� BOTH� APPROACHES� ARE� IN� GOOD
AGREEMENT�� )N� SUMMARY
� THEY� GIVE� THE� FOLLOWING� PICTURE�� .OT�INTENTIONALLY� DOPED� AND
LIGHTLY� SILICON� DOPED� 'A3B� IS� HIGHLY� COMPENSATED� BY� AN� UNKNOWN� DONOR�� 4HE
CORRESPONDING�(ALL�MOBILITY� SUGGESTS� A� COMPENSATION� RATIO� OF� APPROXIMATELY� ���� FOR� A
NOT�INTENTIONALLY�DOPED�SAMPLE��)N�CONTRAST
�SILICON�DOPED�'A3B�AT�HIGHER�DOPING�LEVELS
SHOWS� SIGNIFICANTLY� LOWER� COMPENSATION� RATIOS� IN� THE� RANGE� ���� ���� ����� (ERE
� 3)-3
MEASUREMENTS�SUGGEST�THAT�THE�AMPHOTERIC�NATURE�OF�SILICON�LEADS�TO�A�CERTAIN�AMOUNT
OF� 3I�IMPURITIES� INCORPORATED� ON� DONOR� SITES
� RESULTING� IN� A� PARTLY� SELF�COMPENSATING
BEHAVIOUR��4HE�RESULTS�FOR� LAYERS�GROWN�UNDER�SIMILAR�CONDITIONS�ARE�SUMMARIZED� IN�THE
FOLLOWING�FIGURE�����
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��� 0QUJDBM�QSPQFSUJFT

����� *OUSPEVDUJPO

4HE� LOW� TEMPERATURE� SPECTRUM� OF� UNDOPED� 'A3B� EXHIBITS� NUMEROUS� 0,� LINES� IN� THE
RANGE���������ME6��.OT� INTENTIONALLY�DOPED�'A3B�ALWAYS�EXHIBITS�P�TYPE�CONDUCTIVITY
REGARDLESS�OF�THE�APPLIED�METHOD�OF�CRYSTAL�GROWTH��4HE�MAIN�METHOD�OF� REDUCING�THE
CONCENTRATING�OF�THESE�ÀNATIVE�ACCEPTORSÁ�HAS�BEEN�TO�EMPLOY�LOW�GROWTH�TEMPERATURES
IN� EPITAXIAL� TECHNIQUES�� ÌDDITIONALLY
� TRANSITION� METAL� DOPING� HAS� BEEN� REPORTED� AS� A
PROMISING�POSSIBILITY� ;��=��ÌS�ALREADY� STATED�ELSEWHERE
� THE�NATIVE�ACCEPTORS� 	.Ì¾S
� ARE
BASED� ON� A� GALLIUM� VACANCY�GALLIUM� ANTISITE� COMPLEX� 	6'A
� 'A3B
� WHICH� HAS� BEEN
ESTABLISHED�TO�BE�A�DOUBLY�IONIZABLE�ACCEPTOR�WITH�IONIZATION�ENERGIES�OF�ABOUT����AND
����ME6�	;��=
�;��=�AND�REFERENCES�THEREIN
��4HE�0,�LINE�CORRESPONDING�TO�THE�NEUTRAL�.Ì
HAS�BEEN�OBSERVED�BETWEEN�����AND�����ME6�AND� IS� OFTEN�DENOTED� AS�Ì�LINE� IN� THE
LITERATURE�� "ASED� ON� A� SIGNIFICANT� SHIFT� TO� HIGHER� ENERGIES� WITH� INCREASING� EXCITATION
DENSITY
� IT�WAS�SUGGESTED�TO�BE�A�DONOR�ACCEPTOR�PAIR� TRANSITION� 	$Ì0
� IN� ;��=�WHERE�A
BINDING� ENERGY� OF� ���� ME6� WAS� ESTIMATED� FOR� THE� INVOLVED� DONOR� 	AS� WELL� ;��=� AND
REFERENCES� THEREIN
�� (OWEVER
� OTHER� AUTHORS� HAVE� SUGGESTED� THE� Ì�LINE� TO� BE� A
CONDUCTION�BAND�NEUTRAL�NATIVE�ACCEPTOR�TRANSITION�	E
�.Ì�
�;��
���=�

ÌT�HIGHER�ENERGIES
�SEVERAL�PEAKS�HAVE�BEEN�OBSERVED�WHICH�ARE�COMMONLY�ATTRIBUTED�TO
BOUND� EXCITON� TRANSITIONS�� 4WO� 0,� LINES� WITH�MAXIMA� AT� ������ AND� ������ HAVE� BEEN
DENOTED�IN�THE�LITERATURE�AS�"%��AND�"%�
�RESPECTIVELY�;��=��4HE�NATURE�OF�THESE�LINES�HAS
BEEN� IDENTIFIED� AS� EXCITONS� BOUND� TO� THE� DOUBLY� IONIZABLE� NEUTRAL� NATIVE� ACCEPTOR�� ÌT
THAT�TIME
�THIS�RESULT�FROM�.OACK�ET�AL��;��=�WAS�THE�FIRST�OBSERVATION�OF�EXCITONS�BOUND
TO�DOUBLY�IONISABLE�ACCEPTORS��)T�IS�INTERESTING�TO�NOTE�THAT�(AYNES�RULE
�WHICH�POSTULATES

'JHVSF����� $PNQFOTBUJPO� SBUJP� PG� 4J�EPQFE� (B4C� BT� B� GVODUJPO� PG� UIF� EPQJOH� MFWFM�
0OMZ� MBZFST� HSPXO� BU� PUIFSXJTF� JEFOUJDBM� HSPXUI� DPOEJUJPOT� BSF� JODMVEFE�
5IF�EPUUFE�MJOF�JT�B�HVJEF�UP�UIF�FZF�
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AN� INCREASE� IN� EXCITON� BINDING� ENERGY�WITH� INCREASING� BINDING� ENERGY� OF� THE� INVOLVED
ACCEPTOR�;��=
�HAS�BEEN�FOUND�OPU�TO�HOLD�FOR�"%��AND�"%��;��=�

Ì�PEAK�AT�������ME6��WAS�SHOWN�TO�HAVE�THE�SAME�DECAY�MECHANISM�AS�"%��AND�"%�
USING� :EEMAN� SPLITTING� IN� MAGNETIC� FIELDS�� )T� WAS� THEREFORE� AS� WELL� IDENTIFIED� AS
RECOMBINATION�OF�EXCITONS�BOUND�TO�AN�UNSPECIFIED�ACCEPTOR� IN�,0%�GROWN�CRYSTALS�AND
CONSEQUENTLY�DENOTED�"%��;��=��(OWEVER
�OTHER�AUTHORS�HAVE�AS�WELL�OBSERVED�A�LINE�AT
APPROXIMATELY� ����ME6� IN�-/60%�� AND�-"%�GROWN�MATERIAL� ;��
� ��=�� 4HESE� AUTHORS
IDENTIFY� THE� LINE� AS� 	E
Ì�
� TRANSITION� IN�-/60%�MATERIAL� ;��=� AND� AS� $Ì0� TRANSITION� OR
DEEP�DONOR�TO�BAND�TRANSITION�IN�-"%�MATERIAL�;��=
�DISTINCT�FROM�THE�"%��LINE�REPORTED
PREVIOUSLY� AT� THE� SAME� ENERGY�� )N� THIS� CONTEXT
� A� DETAILED� ANALYSIS� OF� TEMPERATURE
DEPENDENT�(ALL�MEASUREMENTS� IN� ;���=� FOR�UNDOPED�-"%�'A3B� SUGGESTS� THE�PRESENCE
OF�A�DONOR�AND�TWO�KINDS�OF�ACCEPTORS
�WHERE�ONE�OF�THE�ACCEPTORS�WAS�SHOWN�TO�HAVE
THE� TWO� IONISATION� LEVELS� ASCRIBED� TO� THE�.Ì��ÌS�WILL� BE� � DISCUSSED� IN� SECTION� �����
� A
$Ì0��OR�	E
Ì�
�LIKE�0,�PEAK�CAN�INDEED�BE�EXPECTED�IN�SUCH�MATERIAL�

"OUND� EXCITON� TRANSITIONS� TYPICALLY� SHOW� SMALL� HALF�WIDTHS� AND�DISAPPEAR� QUICKLY�WITH
INCREASING� TEMPERATURE� DUE� TO� DISSOCIATION�WITHOUT� A� NOTICEABLE� SHIFT� OF� ENERGY�� ÌS� A
RESULT
� THEIR� BEHAVIOUR� IS� IN� CLEAR� CONTRAST� TO� THAT� OF� DONOR�ACCEPTOR� OR� FREE� ELECTRON�
ACCEPTOR� RECOMBINATION�� 4HE� DIFFERENT� MECHANISMS� CAN� THEREFORE� BE� RELIABLY
DISTINGUISHED�� )N� THIS�CONTEXT
� THE� LINE� IN�QUESTION�AT�ABOUT�����ME6�HAS�AS�WELL�BEEN
SHOWN� TO� BE� A� CHARACTERISTIC� FEATURE� OF� THE� 3I�DOPED�-/60%�SAMPLES� OF� THE� PRESENT
WORK��ÌS�AN�EXCITONIC�CHARACTER�CAN�BE�EXCLUDED�FROM�THE�FOLLOWING�ANALYSIS�BELOW
�THE
LINE�WILL�OPU�BE�DENOTED�AS�"%��CVU�AS�%�LINE�THROUGHOUT�THE�FOLLOWING�TEXT�

Ì�FURTHER�0,�LINE�IS�COMMONLY�REPORTED�WITH�A�MAXIMUM�AT�������ME6
�DENOTED�AS�"%�
IN�E�G��;��
���
���=��4HE�LINE�IS�CONSIDERED�AS�0,�RECOMBINATION�OF�AN�EXCITON�BOUND�TO
AN�UNIDENTIFIED�NEUTRAL�ACCEPTOR�;��
���=��7HILE�"%��AND�"%��SEEM�TO�BE�THE�DOMINANT
EXCITONIC� TRANSITIONS� IN�MATERIAL�GROWN�UNDER� STOICHIOMETRIC�OR�'A�RICH� CONDITIONS
�"%�
TRANSITIONS�ARE�REPORTED�TO�BE�STRONGER�IN�MATERIAL�GROWN�UNDER�3B�RICH�CONDITIONS�	;��=
AND�REFERENCES�THEREIN
��#HIDLEY�ET�AL��;��=�REPORT�AS�WELL�THAT�ELECTRICALLY�HIGHER�QUALITY
MATERIAL�SHOWS�A�SMALLER�Ì�"%��RATIO�

ÌN�ADDITIONAL�0,�LINE�AT�AROUND�����ME6�HAS�BEEN�REPORTED�AND�IS�OFTEN�DENOTED�AS�$�
LINE��)T�IS�ASCRIBED�TO�AN�EXCITON�BOUND�TO�A�DONOR�IN�;��=
�DENOTED�AS�UNIDENTIFIED�IN�;��

��=�AND�ASCRIBED�TO�A�	$�
�H
�TRANSITION�IN�;��=�

&INALLY
�A�FREE�EXCITON��	&%
�TRANSITION�IN�,0%�GROWN�'A3B�IS�REPORTED�AT�������ME6�;��=
WITH�A�CALCULATED�BINDING�ENERGY�OF�THE�FREE�EXCITON�STATED�AS�����ME6�IN�;��=��(OWEVER

REPORTS�ON�&%�PEAKS�IN�-"%�OR�-/60%�MATERIAL�ARE�EXTREMELY�RARE��Ì�CORRESPONDING�&%
PEAK� IN�-"%�GROWN�MATERIAL�HAS�BEEN�REPORTED� IN�;���=
�AND�ONLY�A� RELATED�WEAK�AND
HARDLY�RESOLVED�SHOULDER�HAS�BEEN�SEEN�IN�-/60%�MATERIAL�	REF�����IN�;���=
�

/NLY�ONE�REPORT�ON�THE�0,�OF� INTENTIONALLY�SILICON�DOPED�-/60%�GROWN�'A3B�COULD�BE
FOUND�IN�THE�LITERATURE�;��=��4HE�0,�SPECTRUM�REPORTED�THEREIN�SHOWS�TWO�PEAKS��Ì�PEAK
AT�AROUND�����ME6� IS� SUGGESTED� TO� REPRESENT�AN�EXCITON�BOUND� TO�A�NEUTRAL� ACCEPTOR
3I3B
AND�THE�SECOND�PEAK�AT�ABOUT�����ME6�IS�SUGGESTED�TO�BE�DUE�TO�THE�FREE�EXCITON
RECOMBINATION��(OWEVER
�NO�DETAILED�ANALYSIS�OF�THE�0,�BEHAVIOUR� IS�REPORTED�AND�WITH
REGARD�TO�THE�FOLLOWING�ANALYSIS�THE�SUGGESTED�NATURE�OF�THE�TWO�PEAKS�IN�;��=�IS�LIKELY�TO
BE�A�MISINTERPRETATION�
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4HE�0,�SPECTRA�OF�-"%�GROWN�3I�DOPED�'A3B�REPORTED�IN�;��=�REPRESENT�A�SINGLE�0,�LINE
WITH�MAXIMUM�AT�ABOUT�����ME6�AND�&7(-�����ME6��"Y�SIMPLY�COMPARING�THE�PEAK
POSITION�TO�THE�KNOWN�PEAK�POSITION�OF�THE�"%��LINE
�THE�AUTHORS�HAVE�ASCRIBED�THE�LINE
TO� A� RECOMBINATION� OF� EXCITONS� BOUND� TO� NEUTRAL� 3I3B�ACCEPTORS�� (OWEVER
� A� DETAILED
ANALYSIS�IS�NOT�REPORTED��4HE�GIVEN�LINEWIDTH�AND�THE�ABSENCE�OF�A�DETECTABLE�0,�SIGNAL�IN
THE� AUTHORS¾� RELATED�UNDOPED�-"%�'A3B� ADD� A� SERIOUS� DEGREE� OF� UNCERTAINTY� TO� THEIR
INTERPRETATION�

'A3B�LAYERS�GROWN�BY�,0%
�WHICH�WERE�DELIBERATELY�DOPED�WITH�3I�OR�'E
�SHOW�DOPING
RELATED�0,�LINES�WITH�MAXIMA�PEAKED�AT�NEARLY�EQUAL�ENERGIES�OF�������ME6�	REF����� IN
;�=
���4HE�AUTHORS�HAVE�ASCRIBED�THE�LINES�TO�DONOR�ACCEPTOR�PAIR�TRANSITIONS�AND�ESTIMATE
THE�BINDING�ENERGIES�OF�3I�AND�'E�ACCEPTORS�IN�'A3B�AS����±����ME6�AND����±����ME6

RESPECTIVELY�� &OR� COMPARISON
� AN� ACTIVATION� ENERGY� OF� THE� ACCEPTOR� 3I3B� IN� 'A3B� WAS
REPORTED�AS����ME6�IN�;��=�

/BVIOUSLY�THE�DATA�AVAILABLE�ON�THE�0,�CHARACTERISATION�OF�3I�DOPED�EPITAXIAL�'A3B�REVEAL
A� CONSIDERABLE� UNCERTAINTY� IN� THE� DOPING� RELATED� 0,� PEAK� POSITIONS� AND� THEIR
ASSIGNMENTS�� )N� THIS� CONTEXT
� ESPECIALLY� THE� NATURE� OF� THE� LINE� AT� ���� ME6� IN� NOT
INTENTIONALLY� DOPED� AND� 3I�DOPED� 'A3B� 	"%��� OR� %�LINE
� REMAINS� CONTROVERSIAL�� 4HE
CORRELATION�BETWEEN�THIS�LINE�AND�3I�IMPURITIES�NEEDS�A�CLOSER�INVESTIGATION�WHICH�WILL�BE
THE�PRIME�MOTIVATION�WITHIN�THE�FOLLOWING�ANALYSIS�

����� &YQFSJNFOU

3ILICON�DOPED� AND� NOMINALLY� UNDOPED� 'A3B� WAS� GROWN� ON� 4E�DOPED� 'A3B� 	���
�
SUBSTRATES
� MISORIENTED� �l� TOWARD� 	���
Ì�� 4HE� FOLLOWING� IDENTICAL� GROWTH� CONDITIONS
WERE�CHOSEN�IN�ORDER�TO�ENSURE�THE�COMPARABILITY�BETWEEN�THE�SAMPLES��4RIETHYLGALLIUM
	4%'A

� TRITERTIARYBUTYLALUMINIUM� 	44"ÌL

� TERTIARYBUTYLARSINE� 	4"ÌS
� AND� TRIMETHYL�
ANTIMONY�	4-3B
�WERE�USED�AS�METALORGANIC�PRECURSORS��3ILANE�	3I(�
�WAS�USED�AS�SOURCE
GAS� FOR� 3I�DOPING�� 4HE�'A3B� GROWTH� RATE�WAS� �oM�H� AND� THE� 6�)))� RATIO�WAS� �� FOR� ALL
SAMPLES�� 3AMPLES� ����� AND� ����� WERE� GROWN� AT� ���l#� WITHOUT� A� BUFFER� LAYER�� )N
SAMPLE� ����
� THE� NOMINALLY� UNDOPED� 'A3B� BULK� LAYER� WAS� GROWN� ON� A� ���� NM
	ÌL����'A����
3B�BUFFER�LAYER�AT����l#�IN�ORDER�TO�PREVENT�THE�DIFFUSION�OF�EXCITED�CARRIERS
INTO�THE�SUBSTRATE��ÌS�A�RESULT
�SAMPLE������SHOWED�THE�HIGHEST�INTEGRATED�0,�INTENSITY
COMPARED�TO�ALL�OTHER�UNDOPED�SAMPLES��)T�WAS�THEREFORE�SELECTED�AS�A�REFERENCE�SAMPLE
FOR� NOMINALLY� UNDOPED� 'A3B�� 4HE� EFFECT� OF� THE� SMALL� GROWTH� TEMPERATURE� DIFFERENCE
BETWEEN������AND�����������CAN�BE�NEGLECTED� FOR� THE�ANALYSIS�OF� THE�0,�PROPERTIES�
4HE�FOLLOWING�TABLE�SUMMARIZES�THE�RELEVANT�DATA�FOR�THE�EXAMINED�SAMPLES�
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����� 1-�SFTVMUT��6OEPQFE�(B4C

4HE�ABOVE�FIGURE�����GIVES�A�SURVEY�OF�CHARACTERISTIC�0,�SPECTRA�OF�THE�NOT� INTENTIONALLY
DOPED� SAMPLE������ IN� THE� RANGE���������ME6�� )T� SHOWS� TWO� 0,� SPECTRA� RECORDED� AT
����+�AND�����+�UNDER�CONSTANT�EXCITATION�DENSITY�OF������7�CM���0,�SPECTRA�RECORDED�AT
THE�TWO�EXCITATION�DENSITIES�OF�����7�CM��AND����7�CM��AT�A�CONSTANT�TEMPERATURE�OF
����+�AND�CAN�BE�SEEN�IN�THE�FOLLOWING�FIGURE�����

)N�ADDITION�TO�THE�"%��AND�Ì�LINES
�THE�TWO�FIGURES�SHOW�THE�TEMPERATURE�AND�EXCITATION
DEPENDENT�EVOLUTION�OF�TWO�FURTHER�LINES
�DENOTED�AS�%�AND�$
�WITH�MAXIMA�AT�AROUND
������E6�AND�������E6
�RESPECTIVELY��)N�COMMON�WITH�THE�RESULTS�REPORTED�BY�#HIDLEY�FU
BM�� ;��=� THE� %�LINE� PEAK� SHIFTS� TO� HIGHER� ENERGIES� WITH� INCREASING� TEMPERATURE
	APPROXIMATELY� ����ME6�WITHIN� THE� RANGE� ������� +
�� 3IMILARLY� A� LESS� PRONOUNCED� BLUE
SHIFT�OF�THIS�PEAK�WITH�INCREASING�EXCITATION�DENSITY�CAN�BE�OBSERVED��)N�THIS�CONTEXT
�IT�IS
IMPORTANT�TO�EMPHASIZE�THE�SIMILAR�BEHAVIOUR�OF�THE�Ì�LINE�PEAK
�WHICH�ALSO�SHOWS�THE
SAME�SHIFT�TO�SHORTER�WAVELENGTHS�ON�BOTH�TEMPERATURE�AND�EXCITATION�DENSITY�RISE�
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����� 1-�SFTVMUT��4J�EPQFE�(B4C

4HE� FOLLOWING� FIGURE� ���� SHOWS� A� COMPARISON� OF� THE� 0,� SPECTRA� OF� THE� NOMINALLY
UNDOPED�HOMOSTRUCTURE������AND� THE� INTENTIONALLY�3I�DOPED� SAMPLES������AND�����
RECORDED�AT�EQUAL�EXPERIMENTAL�CONDITIONS�

4HE�SAMPLES�DOPED�WITH�3I�SHOW�A�STRONG�INCREASE�IN�THE�INTEGRAL�0,�COMPARED�TO�THAT�OF
SAMPLE�������4HE�COMPARISON�BETWEEN�SAMPLE������AND������IS�ESPECIALLY� INTERESTING
BECAUSE� BOTH� SAMPLES� SHOW� ALMOST� IDENTICAL� ACCEPTOR� CONCENTRATIONS� IN� (ALL
MEASUREMENTS�

7HILE�THE�0,�SPECTRUM�OF�THE�3I�DOPED�SAMPLE������REVEALS�A�MULTILINE�STRUCTURE
�THE�0,
SPECTRUM� OF� SAMPLE� ����� IS� A� SINGLE� BROAD� BAND�WITH� A� MAXIMUM� AT� ����ME6� AND
&7(-�OF�����ME6��4HE�BROAD�0,�OF�SAMPLE������WILL�BE�SHOWN�TO�BE�DUE�TO�BAND�BAND
LUMINESCENCE� IN�A�HIGHLY�DOPED�AND�PARTIALLY�COMPENSATED�SEMICONDUCTOR� 	SEE� SECTION
�����
�� 4HE� FURTHER� 0,� CHARACTERISATION� OF� 3I�DOPED� 'A3B� WILL� THEREFORE� FOCUS� ON� THE
LIGHTLY�DOPED�SAMPLE������
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4HE�FOLLOWING�FIGURE�����SHOWS�THE�0,�EXCITATION�DENSITY�DEPENDENCE�FOR�SAMPLE������IN
THE�RANGE���������ME6�AT�A�CONSTANT�TEMPERATURE�OF�����+�
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4HE�0,�SPECTRUM�	FIGURE����
�SHOWS�THE�SAME�LINES�AS�THE�NOT�INTENTIONALLY�DOPED�SAMPLE
�����	"%�
�%�AND�$�PEAKS��SEE�PREVIOUS�SECTION
��(OWEVER
�THE�%�LINE�IS�NOW�DOMINANT
AND�SHOWS�A�&7(-�OF� ≈��ME6
�WHILE�THE�"%��LINE�IS�STRONGLY�ATTENUATED�COMPARED�TO
THE�%�LINE��4HE�%�LINE�PEAK� IS� SHIFTED� TO�HIGHER� ENERGIES�WHEN� THE� EXCITATION�DENSITY� IS
INCREASED��Ì�NEW�PEAK�AT�������E6
�DENOTED�AS�.
�CAN�BE�OBSERVED� IN� THE�0,�SPECTRA�
4HIS�PEAK�APPARENTLY�SHOWS�A�CONSTANT�POSITION�WITH�INCREASING�EXCITATION�DENSITY�

4HE� TEMPERATURE� DEPENDENCE� OF� THE������ 0,� SPECTRUM� IN� THE� RANGE� ��������ME6� IS
DEPICTED� IN� FIGURE�����BELOW��4HE�"%�� LINE� IS� THERMALLY�QUENCHED� RAPIDLY�AND� IS�HARDLY
OBSERVABLE� ABOVE� ��� +�� 4HE� %�LINE� INTENSITY� DECLINES� WITH� THE� TEMPERATURE� INCREASE
SLOWER� THAN�"%��AND�SHOWS�A� SHIFT� TO�HIGHER�ENERGIES�OF�ABOUT�����ME6� IN� THE� RANGE
�������+�� 4HE�.�LINE� IS� THERMALLY� QUENCHED� IN� THE� RANGE� �������+�WITHOUT� NOTICEABLE
CHANGE� IN�PEAK�POSITION��4HE�$�LINE� INTENSITY� INCREASES�WITH� RISING� TEMPERATURE�AND� ITS
PEAK�POSITION�MOVES�TOWARD�LOWER�ENERGIES�

����� %JTDVTTJPO�PG�1-�SFTVMUT��)FBWJMZ�EPQFE�(B4C

)N� THE�ABOVE�COLLECTION�OF�0,� RESULTS� THE�SPECTRUM�OF�SAMPLE������WAS�SHOWN�TO�BE�A
SINGLE� BROAD� BAND� WITH� A� MAXIMUM� AT� ���� ME6� AND� &7(-� OF� ���� ME6�� )N� THE
FOLLOWING�IT�WILL�BE�SHOWN�THAT�THE�BROAD�0,�OF�THIS�SAMPLE�CAN�BE�CONSIDERED�AS�DUE�TO
BAND�BAND�LUMINESCENCE�IN�HEAVILY�DOPED�MATERIAL�

)N�A�LIGHTLY�N�DOPED�	P�DOPED
�SEMICONDUCTOR�AT�LOW�TEMPERATURES
�ELECTRONS�	HOLES
�ARE
LOCALIZED�AT�THE�DONOR�	ACCEPTOR
�IMPURITIES�AND�LOW�TEMPERATURE�CONDUCTION�IS�ACTIVATED
	� ;��=
� PAGE� ���
�� )F� THE� DOPING� LEVEL� IS� INCREASED
� IMPURITY� WAVEFUNCTIONS� BEGIN� TO
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OVERLAP�AND�THE�RELATED�STATES�CAN�BE�DELOCALIZED�ON�A�SCALE�OF�SEVERAL�IMPURITY�ATOMS��)F
THE�DOPING� LEVELS�ARE� INCREASED�EVEN�FURTHER
�STATES� IN� THE�CENTRE�OF� THE� IMPURITY�BAND
BECOME� COMPLETELY� DELOCALISED� IN� REAL� SPACE� AND� METALLIC� CONDUCTION� OCCURS�� 4HIS
TRANSITION�BETWEEN�METALLIC�AND�ACTIVATED�CONDUCTION�IS�CALLED�AN�ÀÌNDERSON�TRANSITIONÁ�

)F�CHARGE�CARRIERS�WITH�A�NON�VANISHING�MOBILITY�ARE�PRESENT
�THE�#OULOMB�POTENTIAL�OF�A
CHARGED�IMPURITY�IN�A�DOPED�SEMICONDUCTOR�WILL�BE�SCREENED��)N�A�LINEAR�APPROXIMATION


THE� RESULTING� OVERALL� POTENTIAL� CAN� BE� WRITTEN� AS� 
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MATERIAL� rεεε ⋅= 0 ��)N�A�HIGHLY�DOPED�AND�PARTIALLY�COMPENSATED�SEMICONDUCTOR�AT� LOW

TEMPERATURES
� THE�UNDERLYING�TRANSPORT�MECHANISM�WILL�BE�HOPPING�OF�UNCOMPENSATED
MAJORITY� CARRIERS� 	AND�MOBILE� CARRIERS� IN� THE�BANDS� AT� HIGHER� TEMPERATURES
�� )N� A� LINEAR
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� STANDS�FOR� THE�"OHR� RADIUS�OF� THE�MAJORITY� IMPURITY��ÌSSUMING�THAT� IN�PARTIALLY

COMPENSATED�SAMPLES�THE�UNDERLYING�TRANSPORT�MECHANISM�AT�LOW�TEMPERATURES�WILL�BE
HOPPING�OF�UNCOMPENSATED�MAJORITY�CARRIERS
�Q�STANDS�FOR�Q���/
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)T� CAN� BE� SHOWN� THAT� BOUND� STATES� IN� A� SCREENED� POTENTIAL� EXIST� ONLY� IF� THE� SCREENING
RADIUS� S

�
� IS�MUCH�GREATER� THAN� THE� RELATED�"OHR� RADIUS�B

#
� 	;��=
�P�����
�� )T� CAN�NOW�BE

SHOWN� THAT� BOUND� STATES� DO� NOT� EXIST� IN� SAMPLE� ����
� NEITHER� FOR� ACCEPTORS� NOR� FOR
DONORS�

&IRSTLY
�THE�"OHR�RADII�OF�ACCEPTORS�AND�DONORS�HAVE�TO�BE�CALCULATED��)N�THIS�CONTEXT
�ONE
SIMPLE� APPROACH� TO� DESCRIBE� SHALLOW� IMPURITIES� IS� TO� THE� SO�CALLED� FGGFDUJWF� NBTT
BQQSPYJNBUJPO��(ERE�IT�IS�ASSUMED�THAT�THE�EXTRA�CHARGE�ON�A�SHALLOW�IMPURITY¾S�NUCLEUS
IS� SCREENED� SIMPLY� BY� THE� RELATIVE� DIELECTRIC� CONSTANT� rε � OF� THE� HOST� CRYSTAL�� )T� CAN� BE
SHOWN� THAT� THE� IMPURITY� CAN� THEN�BE� TREATED�AS�A�HYDROGEN�ATOM�WITH� THE� ADDITIONAL

FACTOR�
rε
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EFFECTIVE�MASSES�M��INSTEAD�OF�THE�FREE�SPACE�ELECTRON�MASS�M
�
�;���=��4HE�EXTENT�OF�THE

BOUND�STATE�WAVE�FUNCTION�IN�REAL�SPACE�CAN�THEN�BE�EXPRESSED�IN�TERMS�OF�A�"OHR�RADIUS
*
Ba � WHICH� IS� RELATED� TO� THE� "OHR� RADIUS� IN� THE� HYDROGEN� ATOM

m1029177.5 11
2

0

2 −⋅==
em

aB
! � BY� B

r
B a

m
ma ⋅


 ⋅= *

0* ε �� )N� THE� FOLLOWING� THE� EFFECTIVE

MASSES�AND�THE�STATIC�RELATIVE�DIELECTRIC�CONSTANT�IN�'A3B�ARE�ACCEPTED�FROM�3TOLLWERK�ET
AL�� ;��=� AS�M�

E
� �������M

O

�M�

H
� ������M

O
� AND� 69.15=rε �� �/NE� CAN� NOW�ESTIMATE� THE

"OHR�RADII�OF� THE� SHALLOW�DONORS� AND�ACCEPTORS� IN�'A3B�AS� A
"

E^����z�AND�A
"

H� ^���z

RESPECTIVELY�



���������������������������������������������������������2ESULTS���3ILICON�AS�NOVEL�ACCEPTOR�DOPANT�IN�'A3B

4HESE� "OHR� RADII� MUST� NOW� BE� COMPARED� TO� THE� SCREENING� RADIUS� IN� SAMPLE� �����
ÌCCEPTING�THE�FREE�HOLE�CONCENTRATION�AS�MEASURED�BY�(ALL�AT�ROOM�TEMPERATURE�AS�THE
CONCENTRATION� OF� UNCOMPENSATED� MAJORITY� CARRIERS� -3

550# cm 173.5 ENNp DA =−= 
� ONE

OBTAINS�A�SCREENING�RADIUS�OF�R
�
�����z�

ÌS�MENTIONED� ABOVE
� BOUND� STATES� IN� A� SCREENED�POTENTIAL� EXIST� ONLY� IF� THE� SCREENING
RADIUS�S

�
�IS�MUCH�GREATER�THAN�THE�RELATED�"OHR�RADIUS�B

#
��4HE�COMPARISON�BETWEEN�THE

CALCULATED�S
�
�AND�THE�ABOVE�"OHR�RADII�SHOWS�THAT�BOUND�DONOR�STATES�CAN�BE�EXCLUDED

FOR�SAMPLE������AND�BOUND�ACCEPTOR�STATES�ARE�HIGHLY�UNLIKELY��ÌS�A�RESULT
�THE�BROAD�0,
OF�SAMPLE������IS� THEREFORE�CONSIDERED�AS�DUE�TO�BAND�BAND� LUMINESCENCE� IN�A�HIGHLY
DOPED�AND�PARTIALLY�COMPENSATED�SEMICONDUCTOR�;��=�

)N�P�TYPE�DEGENERATE�DIRECT�GAP�)))�6�SEMICONDUCTORS�THE�OPTICAL�BAND�GAP�SHRINKS�WITH
THE�CONCENTRATION�INCREASE�SINCE�THE�"URSTEIN�-OSS�EFFECT�FOR�HOLES�IS�LESS�EFFECTIVE�THAN
THE� BANDGAP� NARROWING�� 	&OR� N�TYPE� 'A3B� THE� OPPOSITE� IS� TRUE� AND� A� CORRESPONDING
BLUE�SHIFT�OF�THE�0,�WITH�INCREASING�4E�DOPING�HAS�BEEN�OBSERVED��;��=�
� )N�REF�� ;*AIN��=
OF� ;��=�THE�BAND�GAP�NARROWING�OF�P�TYPE�'A3B�AT� ROOM�TEMPERATURE�AS�A� FUNCTION�OF
THE�DOPING�LEVEL�IS�APPROXIMATED�AS� ���������

GAP
.�#.�".�Ì% ++=∆ �WITH�THE�FOLLOWING

PARAMETERS� FOR� P�'A3B�� Ì��������X� ���� E6� CM
� "�������X� ���� E6� CM���
� #��������X� ���

�� E6� CM����� 4HIS� FUNCTION� IS� PLOTTED� IN� THE� FOLLOWING� FIGURE� ����� 	TAKEN� FROM� ;��=

TOGETHER�WITH�EXPERIMENTAL�DATA�OBTAINED�AT��+�	REF��;4ITKOV��=�IN�;��=
�
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Ì� FURTHER� CONFIRMATION� OF� *AIN¾S� MODEL� IS� FOUND� IN� ;��=� FOR� :N�DOPED� 'A3B�� ÌT� THE
DOPING�LEVEL�OF�SAMPLE������THESE�DATA�INDICATE�A�BAND�GAP�NARROWING�OF����ME6��ÌS�A
BAND� GAP� OF� ( ) meV8122 =KEG � ;��=� IS� ACCEPTED� FOR� 'A3B� THROUGHOUT� THIS� WORK
� THE

���+�0,� PEAK� POSITION� OF� ���� ME6� OF� SAMPLE� ����� CORRESPONDS� TO� A� BAND� GAP
NARROWING� OF� AROUND� ��� ME6� WHICH� IS� IN� REASONABLE� AGREEMENT� WITH� THE� ABOVE
APPROXIMATION�BY�*AIN�

ÌS�AN�OVERALL�RESULT
�THE�BROAD�LINE�IN�THE�0,�SPECTRUM�OF�SAMPLE������CAN�BE�CONSIDERED
AS� DUE� TO� BAND�BAND� LUMINESCENCE� IN� HIGHLY� DOPED� AND� PARTIALLY� COMPENSATED� 'A3B
WITH�A�BAND�GAP�REDUCED�BY�ABOUT����ME6�

����� %JTDVTTJPO�PG�1-�SFTVMUT��-JHIUMZ�EPQFE�(B4C

��������*OUSPEVDUJPO

)N�ORDER� TO�DEVELOP�A�DETAILED�UNDERSTANDING�OF� THE�0,�OF�NOT� INTENTIONALLY�DOPED�AND
LIGHTLY�SILICON�DOPED�'A3B�A�THOROUGH�ANALYSIS�OF�THE�PECULIARITIES�OF�THIS�MATERIAL�MUST
BE�CARRIED�OUT��)N�CONTRAST�TO�OTHER�)))�6�SEMICONDUCTORS
�WHICH�CAN�BE�DEPOSITED�IN�VERY
PURE�QUALITIES�NOWADAYS
�'A3B�IS�ALWAYS�SIGNIFICANTLY�P�TYPE�DUE�TO�THE�NATIVE�ACCEPTOR
AND� NOTABLY� COMPENSATED�� 'ENERALLY
� IN� A� LIGHTLY� DOPED
� PARTLY� COMPENSATED
SEMICONDUCTOR�AT�VERY�LOW�TEMPERATURES�ALL�MINORITY�IMPURITIES�AND�AN�EQUAL�NUMBER�OF
MAJORITY� IMPURITIES� WILL� BE� CHARGED� 	;��=
� P�� ��
�� )N� SPITE� OF� THE� PRESENCE� OF� IONIZED
IMPURITIES
�NO�FREE�CARRIERS�ARE�PRESENT�IN�THE�BANDS��4RANSPORT�CAN�ONLY�OCCUR�BY�CARRIERS
JUMPING�FROM�NEUTRAL�MAJORITY�IMPURITIES�TO�CHARGED�ONES�WITHOUT�ANY�EXCURSION�TO�THE
BANDS�� 4HIS� MECHANISM� IS� CALLED� ÀHOPPINGÁ�� /BVIOUSLY
� THE� PRESENCE� OF� CHARGED
POSITIONS�ON�MAJORITY� IMPURITIES� IS�A�NECESSARY�CONDITION� FOR�HOPPING� TRANSPORT��ÌT� LOW
TEMPERATURES� IN� LIGHTLY� DOPED� SEMICONDUCTORS� THIS� CONDITION� CAN� ONLY� BE� FULFILLED� BY
COMPENSATION�

4HIS�SITUATION�RESULTS� IN�CHARGES�WHICH�ARE�RANDOMLY� LOCATED� IN�THE�SEMICONDUCTOR��4HE
PRESENCE� OF� THESE� CHARGES� MEANS� AN� ADDITIONAL� POTENTIAL� ENERGY� FOR� MOBILE� CHARGE
CARRIERS� IN� THE� CRYSTAL��Ì�MOBILE� CHARGE� CARRIER� AT� THE� BAND� EDGE�WILL� HAVE� A� POTENTIAL
ENERGY�DEPENDING�ON�THE�DISTRIBUTION�OF�LOCATED�CHARGE�CLUSTERS�NEARBY��)N�OTHER�WORDS

THE�BAND�EDGE�ENERGY�COINCIDES�WITH�THE�CARRIER¾S�POTENTIAL�ENERGY�AND�CONSEQUENTLY�THE
BAND�EDGE� ITSELF�WILL�BE� SUBJECT� TO�A�MODULATION� IN� REAL� SPACE� 	;��=
� CHAPTER����
�� 4HIS
MODULATION�IS�CHARACTERISED�BY�THE�RELATED�MEAN�SQUARE�POTENTIAL�ENERGY�	EQU���������IN
;��=
�3)�SYSTEM��EQU����IN�;��=
�
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)N� THIS�EXPRESSION
� S
�
� STANDS� FOR� THE�SCREENING� RADIUS�WHICH�WAS�ALREADY� INTRODUCED� FOR

THE�#OULOMB�POTENTIAL�OF�A�SINGLE�CHARGED�IMPURITY�IN�SECTION��������)N�THE�RELATED�LINEAR
APPROXIMATION� THE� SCREENING� RADIUS� S

�
� DOES� NOT� DEPEND� ON� THE� MAGNITUDE� OF� THE

POTENTIAL�TO�BE�SCREENED�	�;��=
�CHAPTER�����
��#ONSEQUENTLY
�THE�EXPRESSION�FROM�SECTION
������CAN�AS�WELL�BE�USED�IN�THE�ABOVE�EXPRESSION�FOR���AND�MARKS�THE�CHARACTERISTIC�SIZE
OF� A� CORRESPONDING� ÀPOTENTIAL� WELLÁ� ;��=�� /� STANDS� FOR� THE� TOTAL� CONCENTRATION� OF
CHARGED�CENTRES� IN� THE�PARTIALLY�COMPENSATED�SEMICONDUCTOR��ÌS�ALL�MINORITY� IMPURITIES
AND� AN� EQUAL� NUMBER� OF�MAJORITY� IMPURITIES�WILL� BE� IONIZED� AT� LOW� TEMPERATURES
� THE
TOTAL�CONCENTRATION�OF�CHARGED�CENTRES�IN�A�P�TYPE�SAMPLE�IS� DDA NNNN ⋅=+= +− 2 ��&OR�A
GIVEN� MAJORITY� IMPURITY� CONCENTRATION� IT� IS� EVIDENT� THAT� �� WILL� INCREASE� WITH� THE
COMPENSATION�RATIO�

ÌCCORDING�TO�THE�COMPENSATION�RATIOS�DETERMINED�IN�SECTION����
�THE�RELATED�DATA�FOR�THE
UNDOPED�SAMPLE������AND�THE� LIGHTLY�SILICON�DOPED�SAMPLE������ARE�PRESENTED� IN� THE
FOLLOWING� TABLE�� 4HE� INFLUENCE� OF� A� THIN� 	ÌL'A
3B�BUFFER� LAYER� IN� SAMPLE� ����� WAS
NEGLECTED��(OWEVER
�NOMINALLY�UNDOPED�SAMPLES�XJUIPVU�A�BUFFER� LAYER�CONFIRMED� THE
SOMEWHAT� LOWER� MOBILITY� OF� HOLES� IN� UNDOPED� 'A3B� COMPARED� TO� THE� LIGHTLY� SILICON
DOPED�MATERIAL������
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ÌS�A�CONSEQUENCE�OF�THE�FLUCTUATIONS�DESCRIBED�BY��
�A�PERCOLATION�LEVEL�&D�FOR�ELECTRONS
IS� FORMED� BELOW� THE� NON�PERTURBED� CONDUCTION� BAND� EDGE� 0

CE �� ÌBOVE� THIS� LEVEL

ELECTRONS�HAVE�A�NON�VANISHING�MOBILITY�AND�MAY�BE�REGARDED�AS�FREE�;��=��4HE�ENERGETIC
DISTANCE� eγ �BETWEEN� THE�NON�PERTURBED�BAND�GAP�ENERGY� AND� THE�PERCOLATION� LEVEL� IS

γγ <−= CCe EE0 �� 3IMILARLY
� A� PERCOLATION� LEVEL� &7� FOR� HOLES� IS� FORMED� WITH

γγγ <<−= eVVh EE0 �

ÌNOTHER� VERY� IMPORTANT� CONCLUSION� CAN� BE� DRAWN� FROM� THE� DATA� IN� THE� ABOVE� TABLE�
#ONSIDERING�THAT�BOUND�STATES�IN�A�SCREENED�POTENTIAL�EXIST�ONLY�IF�THE�SCREENING�RADIUS�S�
IS� MUCH� GREATER� THAN� THE� RELATED� "OHR� RADIUS� B#� 	A"

E^���� z
� A
"

H� ^��� z� 
� SEE� SECTION
�����

�THE�ABOVE�SCREENING�RADII�IN�SAMPLES������AND������IMPLY�THAT
� NO�BOUND�STATES�ASSOCIATED�WITH�ISOLATED�DONORS�CAN�BE�EXPECTED�IN�THE�MATERIAL
�WHILE
� WELL�DEFINED�BOUND�STATES�ASSOCIATED�WITH�ISOLATED�ACCEPTORS�SHOULD�BE�PRESENT�

ÌS� A� CONSEQUENCE
� TWO� MAIN� KINDS� OF� OPTICAL� TRANSITIONS� INVOLVING� SHALLOW� IMPURITIES
HAVE� TO� BE� DISCUSSED
� NAMELY� TAIL�IMPURITY� 	4)
� TRANSITIONS� 	I�� E�� A� RECOMBINATION� OF� AN
ELECTRON�CAPTURED�IN�A�LOCALIZED�STATE�IN�THE�CONDUCTION�BAND�TAIL�WITH�A�HOLE�AT�ONE�OF
THE�NEIGHBOURING�ACCEPTORS
�AND�BAND�IMPURITY�	")
�TRANSITIONS�	I��E��A�RECOMBINATION�OF�A
FREE� ELECTRON�WITH� A� HOLE� CAPTURED� BY� AN� ACCEPTOR
�� 4HE� SITUATION� IS� ILLUSTRATED� IN� THE
FOLLOWING�FIGURE������
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%LECTRONS� ARE� NOT� LOCALISED� IN� A� TYPICAL� POTENTIAL� WELL� OF� DEPTH� �� AND� SIZE� SP� IN� THE
CONDUCTION�BAND�BECAUSE�THEIR�EFFECTIVE�MASSES�ARE�SMALL�AND�THE�TYPICAL�WELL� IS�RATHER
SHALLOW�;��=��#ONSEQUENTLY
�MOST�ELECTRONS�WILL�BE�FREE�ON�THEIR�PERCOLATION� LEVEL��/NLY
POINT�CLUSTERS�OF�LARGE�NUMBERS�OF�DONORS�WILL�LEAD�TO�LOCALISED�STATES�IN�THE�CONDUCTION
BAND� TAIL�� /N� THE� OTHER� HAND� HOLES�WILL� USUALLY� BE� LOCALISED� IN� THE� VALENCE� BAND� TAILS
BECAUSE�OF�THEIR�HIGHER�MASSES��3IMILARLY
�IT�IS�MUCH�EASIER�FOR�ELECTRONS�THAN�FOR�HOLES�TO
TUNNEL� INTO� THE� BARRIERS�� 4HIS� WILL� BE� CONSIDERED� IN� THE� DISCUSSION� OF� THE� POSSIBLE
TRANSITIONS� BELOW��Ì� THEORETICAL� TREATMENT� AND� NUMERICAL� SIMULATION� OF� THE� 0,� OF� THIS
KIND�OF�MATERIAL�IS�GIVEN�IN�;��=��4WO�IMPORTANT�POINTS�SHALL�BE�EMPHASIZED�

ÌS�A�4)�TRANSITION�INVOLVES�A�LOCALISED�ELECTRON
�IT�CAN�ONLY�OCCUR�IN�THE�VICINITY�OF�A�DEEP
POTENTIAL�WELL��ÌT�LOW�TEMPERATURES
�HOLES�CAN�NOT�APPROACH�SUCH�A�DEEP�DONOR�WELL�AND
CAN� THEREFORE� NOT� BE� CAPTURED� BY� AN� ACCEPTOR� CLOSE� TO� THE� WELL�� ÌS� A� RESULT
� A� 4)
TRANSITION�AT�LOW�TEMPERATURES�CAN�NOT�BE�VERTICAL�IN�REAL�SPACE�AND�INVOLVES�TUNNELING�OF
THE�ELECTRON�INTO�THE�BARRIER��$UE�TO�THE�RESULTING�SMALL�OVERLAP�OF�THE�WAVEFUNCTIONS�THE
PROBABILITY�OF�A�4)�TRANSITION�AT�LOW�TEMPERATURES�IS�LOW�;��=��ÌT�ELEVATED�TEMPERATURES

4)�TRANSITIONS�ARE�QUENCHED�AS�WELL�DUE�TO�THE�THERMAL�RELEASE�OF�HOLES�FROM�THE�ACCEPTOR
LEVELS��ÌS�A�RESULT
�THE�CALCULATED�INTENSITY�OF�THE�4)�LUMINESCENCE�IN�FIGURE���OF�REFERENCE
;��=�SHOWS�A�MAXIMUM�AT�A�TEMPERATURE�OF�APPROXIMATELY����+�AND�THE�LINE�IS�QUENCHED
RAPIDLY�AT�HIGHER�OR�LOWER�TEMPERATURES�
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ÌPART�FROM�THE�4)�TRANSITIONS
�TWO�DIFFERENT�KINDS�OF�")�TRANSITIONS�HAVE�TO�BE�CONSIDERED
	SEE�FIGURE�����
��)N�ADDITION�TO�THE�USUAL�")��CHANNEL�IT�IS�AS�WELL�POSSIBLE�THAT�ELECTRONS
TUNNEL�NOTABLY� INTO� THE�CONDUCTION�BAND�HUMPS
� � LEADING� TO� THE�")�� TRANSITIONS� IN� THE
ABOVE�FIGURE�������ÌS�HIGHER�TEMPERATURES�ARE�NEEDED�TO�POPULATE�VALENCE�BAND�STATES
WITH� HOLES� THAT� CAN� NEUTRALISE� ")��ACCEPTORS
� A� SHIFT� OF� 	TUNNELING�INDUCED
� ")�� TO� ")�
TRANSITIONS�OCCURS�WHEN�THE�TEMPERATURE�IS�INCREASED�;��=��ÌS�")��TRANSITIONS�HAVE�HIGHER
ENERGIES�THAN�")��TRANSITIONS
�A�TEMPERATURE�INCREASE�CAN�CAUSE�A�STRONG�SHIFT�OF�THE�")�
RELATED�0,�PEAK�POSITION�TO�HIGHER�ENERGIES�BY�SEVERAL�ME6�	FIGURE���OF�;��=
�

��������%�MJOF

ÌS�STATED�IN�THE�INTRODUCTION������
�IN�THE�REGION�OF�THE�OBSERVED�$�LINE�ENERGIES�A�FREE
EXCITON� 	&%
� TRANSITION� IN� 'A3B� IS� REPORTED� AT� ������ ME6�� ÌT� FIRST� SIGHT� ONE� MIGHT
THEREFORE� EXPECT� THE� $�LINE� TO� REPRESENT� FREE� EXCITON� RECOMBINATION�� (OWEVER
� THE
OVERALL�EXPERIENCE�WITH�-/60%�GROWN�'A3B�MAKES�THE�APPEARANCE�OF�A�WELL�RESOLVED�&%
UNLIKELY��"ESIDES
�THE�$�LINE�BECOMES�DOMINANT� IN� THE�0,�SPECTRUM�OF�NOT� INTENTIONALLY
DOPED� 'A3B� FOR� TEMPERATURES� ABOVE� ��� +
� IT� MOVES� TO� LOWER� ENERGIES� WITH� THE
TEMPERATURE�RISE�AND�TO�HIGHER�ENERGIES�WITH�INCREASING�EXCITATION�DENSITY�

4HEREFORE
�A�MUCH�MORE� LIKELY� INTERPRETATION�OF� THE�$�LINE� IS�A� RECOMBINATION�OF�A� FREE
ELECTRON� FROM� THE� ELECTRONIC� PERCOLATION� LEVEL�WITH� A� FREE� HOLE� FROM� THE� VALENCE� BAND
PERCOLATION�LEVEL��#ONSEQUENTLY�THE�$�LINE�PEAK�POSITION�WILL�REFLECT�THE�BAND�GAP�ENERGY
IN� THE� PERTURBED� SYSTEM��7ITH� INCREASING� TEMPERATURE� THE� BAND� GAP� DECREASES� AND� A
RED�SHIFT� OF� THE� 0,� IS� OBSERVED
� WHILE� AT� INCREASING� EXCITATION� DENSITY� THE� QUASI�&ERMI
LEVELS�MOVE� TO� HIGHER� ENERGIES� AND� CAUSE� A� BLUE�SHIFT� OF� THE� 0,� LINE�� ÌS� A� RESULT
� THE
OBSERVED�EXPERIMENTAL�BEHAVIOUR�CAN�BE�WELL�UNDERSTOOD��"ESIDES
�TAKING�THE�POSITION�OF
THE�$�LINE�AT�����+�TO�BE� 4.05.808 ± �ME6�	SEE�FIGURE����
�AND�ACCEPTING�A�BAND�GAP�OF
����ME6�FOR�NON�PERTURBED�'A3B�AT�THIS�TEMPERATURE
�THE�DIFFERENCE�OF� 4.05.3 ± �ME6
CAN� SERVE� AS� A� GOOD� ESTIMATE� OF� THE� OVERALL� BAND� GAP� REDUCTION� γ

E
� �� γ

H
� DUE� TO� THE

PERTURBATIONS�

��������#&��MJOF

ÌS�EXPECTED�FROM�THE�LITERATURE�DATA�ON�THIS�LINE�	SEE�SECTION������

�THE�"%��LINE�CAN�BE
CONSIDERED�AS�0,�RECOMBINATION�OF�AN�EXCITON�BOUND�TO�AN�UNIDENTIFIED�NEUTRAL�ACCEPTOR�
4HE�LINE�IS�THERMALLY�QUENCHED�ABOVE���+�AND�KEEPS�CONSTANT�POSITION�WITH� INCREASING
TEMPERATURE�

��������&��BOE�"�MJOFT

ÌS� REPORTED� IN� SECTION������
� THE� %�LINE� APPEARS� AT� APPROXIMATELY�����ME6�AND� IS� THE
DOMINANT� LINE� IN� THE� INTENTIONALLY� SILICON� DOPED� SAMPLE� ������ ÌS� DESCRIBED� IN� THE
INTRODUCTION
�A� LINE�AT�����ME6�WAS�PREVIOUSLY� IDENTIFIED�AS� RECOMBINATION�OF�EXCITONS
BOUND�TO�AN�UNSPECIFIED�ACCEPTOR�IN�,0%�GROWN�CRYSTALS�AND�CONSEQUENTLY�DENOTED�"%�
;��=��)N�CONTRAST�TO�THIS�RESULT
�OTHER�AUTHORS�AS�WELL�OBSERVED�A�LINE�AT�APPROXIMATELY����
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ME6�IN�-/60%��AND�-"%�GROWN�MATERIAL�;��
���=��4HESE�AUTHORS�IDENTIFIED�THE�LINE�AS
	E
Ì�
� TRANSITION� IN�-/60%�MATERIAL� ;��=�AND�AS�$Ì0� TRANSITION�OR�DEEP�DONOR� TO�BAND
TRANSITION� IN� -"%� MATERIAL� ;��=
� DISTINCT� FROM� THE� "%��LINE� REPORTED� PREVIOUSLY� AT� THE
SAME�ENERGY�

4HE�%�LINE�IN�SAMPLE������REMAINS�OBSERVABLE�TO�TEMPERATURES�ABOVE����+�AND�SHIFTS�TO
HIGHER�ENERGIES�WITH�TEMPERATURE�RISE�	APPROX������ME6�BETWEEN���������+
��#OMPARING
THE� THERMAL� QUENCHING� OF� THE� %�LINE� TO� THE� CORRESPONDING� BEHAVIOUR� OF� THE� EXCITONIC
"%��TRANSITION
�AN�EXCITONIC�CHARACTER�OF�THE�%�LINE�SEEMS�HIGHLY�UNLIKELY��#ONSEQUENTLY

THE�COINCIDENCE�BETWEEN� THE�%�LINE�POSITION� IN� SAMPLE������AND� THE�"%�� LINE�POSITION
REPORTED� IN� ;��=�MUST�BE� CONSIDERED�ACCIDENTAL�� 3IMILARLY
� A�$Ì0� 	DONOR� ACCEPTOR�PAIR

TRANSITION�CAN�BE�RULED�OUT�FOR�THE�%�LINE�BECAUSE�BOUND�STATES�ASSOCIATED�WITH�ISOLATED
DONORS�CAN�NOT�EXIST�IN�THE�MATERIAL�OF�SAMPLE������	SEE��������
�

ÌS�AN�EXCITONIC�AND�A�$Ì0�CHARACTER�CAN�NOW�BOTH�BE�RULED�OUT
�4)�AND�")�TRANSITIONS�ARE
LIKELY� CANDIDATES� FOR� THE� %�LINE� NATURE�� 4HE� RELATED� IMPURITY� IS� ALMOST� CERTAINLY� SILICON
BECAUSE�OF�THE�EVIDENT�INCREASE�OF�THE�%�LINE�INTENSITY� IN�THE�INTENTIONALLY�SILICON�DOPED
SAMPLE� ������ )N� THE� NOT� INTENTIONALLY� DOPED� SAMPLE� ����� A� CERTAIN� BACKGROUND� OF
SILICON�IS�BELIEVED�TO�BE�PRESENT�DUE�TO�IMPURITIES�IN�THE�EMPLOYED�METALORGANICS��ÌS�NO
INDICATION�FOR�SILICON�WAS�FOUND�IN�'AÌS�LAYERS�GROWN�WITH�THE�SAME�BATCH�OF�4%'A
�THE
4-3B�IS�CONSIDERED�TO�BE�THE�SOURCE�OF�BACKGROUND�SILICON�IN�SAMPLE������

)N�ORDER�TO�ESTIMATE�THE�BINDING�ENERGY�OF�THE�SILICON�ACCEPTOR�IN�'A3B
�THE�EXACT�NATURE
OF� THE� SILICON�RELATED� %�LINE� MUST� BE� IDENTIFIED�� 4HE� RELATIVE� %�LINE� INTENSITY� SHOWS� A
MONOTONOUS�DECREASE�WITH�INCREASING�TEMPERATURE�IN�THE�WHOLE�RANGE�BETWEEN�����AND
���+��.O�THERMAL�QUENCHING�AT�LOW�TEMPERATURES�COULD�BE�OBSERVED��ÌS�ALREADY�STATED
AT�THE�END�OF�SECTION��������
�THIS�BEHAVIOUR�RULES�OUT�A�4)�TRANSITION��/N�THE�OTHER�HAND

BOTH� THE� %�LINE¾S� STRONG� BLUE� SHIFT� WITH� INCREASING� TEMPERATURE� AND� ITS� THERMAL
QUENCHING�AT�ELEVATED�TEMPERATURES�ARE�WELL�IN�LINE�WITH�THE�PROPERTIES�OF�")�TRANSITIONS�
7HILE�THE�SHIFT�FROM�LOW�ENERGY�")��TO�HIGH�ENERGY�")��TRANSITIONS�EXPLAINS�THE�OBSERVED
BLUESHIFT� OF� THE� %�LINE� PEAK
� THE� THERMAL� RELEASE� OF� HOLES� FROM� THE� ACCEPTOR� LEVELS
EXPLAINS�THE�THERMAL�QUENCHING�AT�ELEVATED�TEMPERATURES��)N�SUMMARY
�A�")�CHARACTER�OF
THE�%�LINE�CAN�BE�ASSUMED�

)T� IS� IMPORTANT� TO�EMPHASIZE�THE�FOLLOWING�POINT��4HE�STANDARD�WAY� TO�DESCRIBE� 	E�Ì�
�
	OR� À")Á�
� TRANSITIONS� IN� NON�PERTURBED� BAND� STRUCTURES� IS� THE� %AGLES� MODEL� ;��=�� 4HIS

MODEL�PREDICTS�THE�THERMAL�DEPENDENCE�OF�THE�PEAK�POSITION�AS� ( )
2

Tk
ETE B

Ag +−=ω! �

(ERE
�&"� IS� THE� ACCEPTOR�BINDING�ENERGY� AND� ( ) ( )
Tb

Ta
KETE gg +

⋅−=
2

0 �WITH� THE�6ARSHNI

COEFFICIENTS�A����%���E6�+�AND�B�����+�FOR�'A3B�;��=��4HIS�MODEL�PREDICTS�A�MAXIMUM
BLUE�SHIFT�OF�����ME6�AT���+
�WHEREAS�SAMPLE������SHOWS�A�MUCH�MORE�SIGNIFICANT�SHIFT
OF� APPROX�� ���� ME6� BETWEEN� ��� �� ��� +� 	SEE� FIGURE� ����
�� #ONSEQUENTLY
� THE� %AGLES
MODEL�IS�NOT�SATISFACTORY�WITH�RESPECT��TO�SAMPLE������AND�IT�IS�ESSENTIAL�TO�CONSIDER�THE
INFLUENCE�OF�THE�FLUCTUATING�POTENTIAL�
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ÌFTER�HAVING� IDENTIFIED�THE�NATURE�OF� THE�%�LINE�AS�")� TRANSITION
� THIS� RESULT� CAN�NOW�BE
USED�TO�EVALUATE�THE�ACTIVATION�ENERGY�OF� THE� INVOLVED�ACCEPTOR��ÌS�DERIVED� IN� ;��=
�AN

EXTRAPOLATION�TO��+�GIVES� ( ) ( )heAg EKE γγω +−−= 00K line,-E! ��&ROM�THE�$�LINE�POSITION

AT����+�	SEE�SECTION�����������FIGURE�����
�A�VALUE�OF� 4.05.3 ± �WAS�DERIVED�FOR�γ
E
���γ

H
�

ÌCCEPTING� &H 	�,
� �� ������ E6� AND� ME6�������
�+LINE
�%

≈ω! FROM� THE� MEASUREMENT� AT

���+
�ONE�GETS�AN�ACTIVATION�ENERGY�OF�&" � 4.08.8 ± ME6��&OR�COMPARISON
�THE�LITERATURE
DATA�ON� THE�ACTIVATION�ENERGY�OF� THE�SILICON�ACCEPTOR�ARE�BETWEEN���AND����ME6� 	SEE
SECTION������
�WHILE� THE� EFFECTIVE�MASS� ACCEPTOR� IN�'A3B�HAS�BEEN� SUGGESTED� TO�HAVE
ACTIVATION�ENERGIES�BETWEEN������ME6�	;��=�CH���
�P����
�AND����ME6�;��=�

ÌFTER�HAVING�SHOWN�THAT�THE�%�LINE�MUST�BE�INTERPRETED�AS�BAND�IMPURITY�TRANSITION
�THE
NATURE� OF� THE� Ì�LINE� NEEDS� SOME� FURTHER� COMMENTS� TOO�� ÌS� SAID� IN� THE� INTRODUCTION
	SECTION������
�THE�LINE�HAS�BEEN�SUGGESTED�TO�BE�A�DONOR�ACCEPTOR�PAIR�TRANSITION�	$Ì0

FOR� EXAMPLE� IN� ;��=� BECAUSE� OF� A� SIGNIFICANT� SHIFT� TO� HIGHER� ENERGIES� WITH� INCREASING
EXCITATION�DENSITY��/THER�AUTHORS�HAVE� SUGGESTED� THE�Ì�LINE� TO�BE�A� CONDUCTION�BAND�
NEUTRAL� NATIVE� ACCEPTOR� TRANSITION� 	E
� .Ì�
� ;��
� ��=�� 4HIS� OBVIOUS� CONTRADICTION� CAN� BE
SOLVED�BY�ACCEPTING�THAT�THE�%�LINE�AND�Ì�LINE�ARE�OF�THE�SAME�NATURE
�I�E��BOTH�ARE�DUE
TO�	E
�Ì�
��	OR�À")Á�
�TRANSITIONS�WITH�THE�PARTICIPATION�OF�TWO�DIFFERENT�TYPES�OF�ACCEPTORS

NAMELY�SILICON�AND�THE�.Ì�FOR�%��AND�Ì�LINE
�RESPECTIVELY�

7HILE�THE�Ì�LINE�AND�THE�%�LINE�IN�SAMPLE������BOTH�SHOW�A�BLUE�SHIFT�OF�APPROXIMATELY
����ME6�BETWEEN�����AND���+
�THE�ABOVE�BLUE�SHIFT�IN�SAMPLE������IS�SMALLER��4HIS�CAN
BE�UNDERSTOOD�BY�CONSIDERING�THAT�THE�RMS�FLUCTUATIONS�OF�THE�POTENTIAL�IN�SAMPLE�����
ARE� SMALLER� COMPARED� TO� SAMPLE� ����� DUE� TO� THE� REDUCED� DEGREE� OF� COMPENSATION�
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#ONSEQUENTLY
�THE�VALUE�OF� hγ �CAN�BE�EXPECTED�TO�BE�HIGHER�IN�SAMPLE�����
�LEADING�TO

A�MORE�PRONOUNCED�BLUE�SHIFT�OF�")�TRANSITIONS�WITH�TEMPERATURE�

"ASED�ON�THE�COMPARABLE�ACCEPTOR�CONCENTRATIONS�OF�THE�NOT�INTENTIONALLY�DOPED�SAMPLE
�����AND�THE�SILICON�DOPED�SAMPLE�����
�THE�DOMINANCE�OF�THE�%�LINE�IN�SAMPLE�����
SUGGESTS�THAT�THE�FORMATION�OF�NATIVE�ACCEPTORS�IS�SUPPRESSED�BY�THE�SILICON�DOPING��ÌS
THE� SILICON� ACCEPTOR� IS� INCORPORATED� ON� GROUP� 6�SITES� IN� THE� CRYSTAL� STRUCTURE
� A
PREFERENTIAL� INCORPORATION�OF�SILICON�ON�3B�VACANCIES�CAN�BE�EXPECTED��#ONSIDERING�THAT
THE�NATIVE� ACCEPTOR� 	.Ì
� ALWAYS� INVOLVES� AN� 3B�VACANCY
� THE�.Ì� CONCENTRATION�WILL� BE
REDUCED�BY�SILICON�DOPING��4AKING�INTO�ACCOUNT�THE�NEARLY�EQUAL�ACCEPTOR�CONCENTRATIONS
OF�SAMPLE������AND�����
�THE�DRAMATIC�INCREASE�IN�THE�INTEGRAL�0,�OF�SAMPLE������ALSO
INDICATES�A�SUBSTANTIAL�REDUCTION�OF�THE�NON�RADIATIVE�RECOMBINATION�RATE�IN�LIGHTLY�SILICON
DOPED�SAMPLES�

��������/�MJOF

4HE�LINE�DENOTED�WITH�.�IS�WELL�PRONOUNCED�IN�THE�INTENTIONALLY�3I�DOPED�SAMPLE������
/N�THE�OTHER�HAND�IT�IS�NOT�OBSERVED�IN�THE�0,�SPECTRA�OF�'A3B�BACKGROUND�DOPED�WITH
3I�NEITHER�IN�THIS�WORK�NOR�IN�THE�LITERATURE�;��=��4HE�FOLLOWING�SPECIFIC�FEATURES�OF�THE�.�
LINE� SUGGEST� THAT� THE� ORIGIN� OF� THIS� LINE� IS�MOST� PROBABLY� A� RADIATIVE� RECOMBINATION� OF
EXCITONS�BOUND�TO�3I

3B
�

� THE�LINE�KEEPS�CONSTANT�POSITION�WITH�THE�TEMPERATURE�RISE�AS�INDICATED�IN�FIG�����

� THE�LINE�IS�THERMALLY�QUENCHED�SIMILAR�TO�THE�EXCITONIC�"%��LINE
�AND
� THE�LINE�APPEARS�IN�THE�0,�SPECTRUM�ONLY�WHEN�THE�DOMINANT�ACCEPTOR�IS�3I

3B
�

��������$PNNFOUT�PO�UIF�MJNJUBUJPOT�PG�UIF�NPEFM

Ì� CRUCIAL� FEATURE� OF� THE� ABOVE� MODEL� IS� THE� ESTIMATE� FOR� THE� SCREENING� RADIUS� IN� THE
MATERIAL��"ASED�ON�THE�LINEAR�APPROXIMATION�GIVEN�IN�3HKLOVSKII�ET�AL��;��=�AND�,EVANYUK
ET�AL��;��=�THE�FOLLOWING�EXPRESSION�WAS�USED�
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&OR� PARTIALLY� COMPENSATED� SAMPLES� AT� LOW� TEMPERATURES� TRANSPORT� CAN� ONLY� OCCUR� BY
CARRIERS�JUMPING�FROM�NEUTRAL�MAJORITY�IMPURITIES�TO�CHARGED�ONES�WITHOUT�ANY�EXCURSION
TO�THE�BANDS�	ÀHOPPINGÁ
��)N�THIS�CASE
�Q�STANDS�FOR�Q���/"�/%�	;��=
�P�����
��)N�THE�CASE
OF� THE� ABOVE� SAMPLE� ����� THE� RESULTING� SCREENING� RADIUS� WAS� ��� Å. ÌS� HOPPING
TRANSPORT�NATURALLY�DEPENDS�ON�THE�PRESENCE�OF�IMPURITY�STATES
�A�SPHERE�WITH�A�RADIUS�OF
���Å�MIGHT�WELL�BE�TO�SMALL�TO�CONTAIN�AN�ADEQUATE�NUMBER�OF�ACCEPTOR�	MAJORITY
�STATES
WHICH�CAN�HOST�SCREENING�CHARGES��ÌS�A�RESULT
�THE�TRUE�SCREENING�RADIUS�IN�THE�MATERIAL
MIGHT�WELL� BE� LARGER� THAN� IN� THE� ABOVE� CALCULATIONS� AND�BOUND� STATES� ASSOCIATED�WITH
ISOLATED�DONORS�MIGHT�BECOME�POSSIBLE�FROM�THIS�POINT�OF�VIEW�
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(OWEVER
� THERE� IS�ANOTHER�STRONG�ARGUMENT�AGAINST�BOUND�DONOR� STATES��7HILE�ON� THE
ONE�HAND�IT�IS�VERY�DIFFICULT�TO�PREDICT�MATHEMATICALLY�WHEN�AN�ELECTRON�WAVE�FUNCTION�IN
THE� DONOR� IMPURITY� BAND� GETS� DELOCALISED� 	I�E�� EXTENDED� OVER� THE� ENTIRE� SYSTEM

ÀÌNDERSON� TRANSITIONÁ

� IT� IS� EXPERIMENTALLY� CONFIRMED� THAT� THE� TRANSITION� BETWEEN
METALLIC� AND� ACTIVATED� CONDUCTION� USUALLY� OCCURS� AT� CARRIER� CONCENTRATIONS�/� SATISFYING

02.03 ≈⋅ BaN �	;��=
�P�����
��ÌS�THIS�CONDITION�CAN�BE�SHOWN�TO�BE�CLEARLY�FULFILLED�FOR�THE
SYSTEM� OF� DONORS� IN� THE� ABOVE� SAMPLES
� DELOCALISED� ELECTRON� WAVE� FUNCTIONS� IN� THE
CENTRE�OF�THE�DONOR�IMPURITY�BAND�CAN�BE�EXPECTED�

)N�SUMMARY
�BOUND�STATES�ASSOCIATED�WITH�ISOLATED�DONORS�	OR�CLUSTERS�OF�DONORS
�IN�THE
ABOVE�SAMPLES�APPEAR�VERY�UNLIKELY��#ONSEQUENTLY
� THE� INTERPRETATION�OF� THE�%��AND�Ì�
LINES�AS�	E�Ì�
�TRANSITIONS�AND�OF�THE�$�LINE�AS�	E�H
�TRANSITION�IS�CONFIRMED�

��������4VNNBSZ

4HE�0,�PROPERTIES�OF�NON�INTENTIONALLY�DOPED�AND�LIGHTLY�SILICON�DOPED�'A3B�HAVE�BEEN
STUDIED��Ì�FORMERLY�CONTROVERSIAL�0,�LINE�AT�APPROXIMATELY�����ME6�COULD�BE�ASCRIBED�TO
SILICON�ACCEPTORS�IN�THE�MATERIAL��"Y�CONSIDERING�THE�POTENTIAL�FLUCTUATIONS�IN�DOPED�AND
PARTIALLY�COMPENSATED�SEMICONDUCTORS
�THE�LINE�COULD�BE�IDENTIFIED�AS�DUE�TO�A�TRANSITION
OF�A� FREE�ELECTRON� TO�NEUTRAL� ACCEPTOR� ( )0

SbSi  e �� 4HE�COINCIDENCE�OF� THIS� SO�CALLED�%�LINE

WITH� THE� "%�� LINE
� WHICH� WAS� PREVIOUSLY� REPORTED� AT� THE� SAME� ENERGY
� MUST� BE
CONSIDERED� ACCIDENTAL�� 3IMILARLY
� THE� NATURE� OF� THE� Ì�LINE� WAS� SHOWN� TO� BE� DUE� TO� A
TRANSITION�OF�A�FREE�ELECTRON�TO�NEUTRAL�OBUJWF�ACCEPTOR�	E�.Ì�
��ÌLL�OTHER�0,�PEAKS�IN�THE
HIGH�ENERGY� PART� OF� THE� SPECTRUM� COULD� BE� EXPLAINED�WITHIN� THE� CONCEPT� OF� POTENTIAL
FLUCTUATIONS�DUE�TO�THE�CHARGED�IMPURITY�DISTRIBUTION�

4HE�ACTIVATION�ENERGY�OF�THE�SILICON�ACCEPTOR�COULD�BE�ESTIMATED�AS�����ME6��'ENERALLY

LIGHT�DOPING�WITH�SILICON�RESULTED�IN�A�HIGHER�MOBILITY
�A�REDUCED�COMPENSATION�RATIO�AND
AN� IMPROVED�0,� INTENSITY�COMPARED� TO�NOT� INTENTIONALLY�DOPED�SAMPLES��3ILICON�DOPING
SEEMS�TO�RESULT�IN�A�SUPPRESSION�OF�THE�NATIVE�DEFECT�IN�'A3B�AND�LEAD�TO�A�REDUCTION�OF
THE� NON�RADIATIVE� RECOMBINATION� RATE� IN� THE�MATERIAL�� 4HESE� FEATURES�MAKE� THE� SILICON
ACCEPTOR�AN� INTERESTING�NOVEL� CANDIDATE� FOR� VARIOUS�'A3B�BASED�DEVICE� APPLICATIONS�� )N
THIS� CONTEXT
� THE� FIRST� EVER� REPORTED�3I�DOPED�'A3B�BASED� DEVICES�WILL� BE� PRESENTED� IN
THE�FOLLOWING�SECTION���
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� 3FTVMUT���4PMBS�DFMMT

��� *OUSPEVDUJPO

����� #BOE�TUSVDUVSF�JO�SFBM�TQBDF

3EVERAL� DIFFERENT� KINDS� OF� PHOTOVOLTAIC� DEVICES� WILL� BE� PRESENTED� IN� THE� FOLLOWING
SECTIONS�� 4HEY�WILL� BE� DESCRIBED� BY� THEIR� NOMINAL� FILM� STRUCTURE� AND� THE� RELATED� BAND
STRUCTURE� IN� REAL� SPACE�� 4HOSE� BAND� STRUCTURES� WILL� BE� BASED� ON� A� ÀDARKÁ� SITUATION
WITHOUT�AN�APPLIED� VOLTAGE�AND�WITHOUT� ILLUMINATION��(OWEVER
� AS� IT� IS� VERY� INSTRUCTIVE
THE�DIFFERENT�MODES�OF�OPERATION�OF�A�PN�JUNCTION�WILL�BE�SHOWN�IN�THE�FOLLOWING�BAND
STRUCTURE�DIAGRAMS����
�����AND�����

4HE� FIGURES�WANT� TO� ILLUSTRATE� GENERAL� PROPERTIES� OF� THE� RELATED� SITUATIONS� AND� DO� NOT
REPRESENT� EXACT� CALCULATIONS�� 4HE� UNDERLYING� BAND� GAP� WAS� CHOSEN� AS� ����� E6
� I�� E�
'A3B��4HE�POINT�OF�REFERENCE�	��VOLTS
�IS�THE�QUASI�&ERMI�LEVEL�FOR�HOLES�IN�THE�P�REGION�

&IGURE� ���� SHOWS� A� PN�JUNCTION� WITHOUT� AN� APPLIED� EXTERNAL� VOLTAGE� AND� WITHOUT
ILLUMINATION��4HIS�REPRESENTATION�WILL�BE�USED�FOR�ALL�DEVICE�STRUCTURES�IN�THE�SUBSEQUENT
SECTIONS�OF�CHAPTER����&IGURE�����PRESENTS�A�PN�JUNCTION�WITHOUT�ILLUMINATION�BUT�WITH�AN
EXTERNAL�VOLTAGE�APPLIED��7HILE�THE�DIFFERENCE�BETWEEN�THE�&ERMI�LEVELS�IN�THE�TWO�QUASI�
NEUTRAL� REGIONS� REPRESENTS� THE� EXTERNAL� VOLTAGE
� THE� SPLITTING� OF� THE� QUASI�&ERMI� LEVELS
WITHIN� �� AROUND� THE� JUNCTION� STANDS� FOR� THE� NON�EQUILIBRIUM� SITUATION� LINKED� PRIMARILY
WITH� A� CHANGE� OF� THE� DIFFUSION� CURRENTS�� &IGURE� ���� INTRODUCES� A� PN�JUNCTION� WITH
ILLUMINATION� IN�SHORT�CIRCUIT��AND�OPEN�CIRCUIT�CONDITION��.OTE�THAT� THE�BUILT�IN�POTENTIAL
OVER�THE�OPEN�CIRCUIT�JUNCTION�IS�EFFECTIVELY�REDUCED�DUE�TO�THE�ENHANCED�CONCENTRATION
OF�MINORITY�CARRIERS�IN�THE�QUASI�NEUTRAL�REGIONS��4HIS�ILLUSTRATES�THE�FACT�THAT�A�DIODE�CAN
NEVER�GIVE�A�VOLTAGE�OUTPUT�CORRESPONDING�TO�THE�BAND�GAP�ENERGY
� I��E�� gEVe <⋅ �WILL

ALWAYS�APPLY�	SEE�SECTION������
�
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����� 'BCSJDBUJPO�UFDIOPMPHZ

4HIS� SECTION� BRIEFLY� DESCRIBES� THE� FABRICATION� TECHNOLOGY� FOR� THE� DEVICES� PRESENTED� IN
CHAPTER����4HE�FIRST�STEP�INCLUDES�THE�PHOTOLITHOGRAPHY�FOR�THE�CONTACT�GRID�FINGERS��ÌFTER
THE� DEPOSITION� OF� THE� METAL� FILM� SEQUENCE� AND� A� RELATED� LIFT�OFF� PROCESS� FOR� NON�
DEVELOPED� PHOTORESIST
� THE� GOLD�GERMANIUM� BACKSIDE� CONTACT� IS� DEPOSITED�
3UBSEQUENTLY
� THE� CONTACTS� ARE� THICKENED� BY� GOLD�ELECTROPLATING�� Ì�MESA� IS� ETCHED� TO
DEFINE�THE�DEVICE�DIMENSIONS��4HE�OPEN�MESA�EDGES�ARE�COVERED�WITH�AN�ANODIC�OXIDE
FOR�PASSIVATION�PURPOSES��&INALLY
�BOND�WIRES�ARE�ATTACHED�THAT�CONNECT�THE�METAL�GRID�TO
LARGER�CONTACT�PADS��)T�MUST�BE�NOTED�THAT�AN�ANTIREFLECTIVE�COATING�WAS�NOT�EMPLOYED�

4HE�PROCESS�IS�STILL�UNDER�DEVELOPMENT�WITH�RESPECT�TO�THE�FOLLOWING�PROBLEM��ÌS�SHOWN
IN�SECTION������
�A�HIGH�BAND�GAP� 	ÌL'A
	ÌS3B
� FRONT� SURFACE�PASSIVATION� LAYER�MUST�BE
EPITAXIALLY� GROWN� AS� CONFINEMENT� FOR� THE�MINORITY� CARRIER� REGIONS� OF� THE� DEVICES�� 4HIS
ALUMINIUM� CONTAINING� LAYER� IS� EXPECTED� TO� CAUSE� PROBLEMS� CONCERNING� THE� METAL��
SEMICONDUCTOR�� INTERFACE
� I�� E�� SERIES� CONTACT� RESISTANCES�� ÌS� A� CONSEQUENCE
� A� HIGHLY
DOPED� 'A3B� CONTACT� LAYER� IS� USUALLY� GROWN� ON� TOP� OF� THE� PASSIVATION� LAYER� AND
SUBSEQUENTLY�ETCHED�OFF�INBETWEEN�THE�METAL�GRID�FINGERS��4HIS�ETCHING�STEP�IS�A�SERIOUS
PROBLEM�FOR�THE�ANTIMONIDES�BECAUSE�A�SELECTIVE�PROCESS�THAT�WOULD�ETCH�'A3B�AND�STOP
ON� 	ÌL'A
	ÌS3B
� IS� NOT� KNOWN�� &OR� THIS� PURPOSE
� AN� EXTREMELY� SLOW� ETCHING� PROCESS
BASED�ON�A�DEVELOPER�WAS�EMPLOYED�AND�THE�ETCH�DEPTH�WAS�DETERMINED�MERELY�BY�THE
TIME�� ÌPART� FROM� THE� POSSIBLE� INACCURACY� OF� THE� PROCESS�WITH� RESPECT� TO� DEPTH� AND� A
POSSIBLE�SURFACE�ROUGHENING
�THIS�STEP�HAD�TO�BE�EMPLOYED�AT�THE�VERY�END�OF�THE�WET�
CHEMICAL�PART�OF�THE�TECHNOLOGY��ÌS�A�CONSEQUENCE
�THE�PASSIVATING�LAYER�OF�ANODIC�OXIDE
ON� THE� MESA� EDGE� WAS� REMOVED� AGAIN�� 4HIS� MIGHT� CAUSE� PROBLEMS� SUCH� AS� LEAKAGE
CURRENTS��ÌS�A�RESULT
�THE�FABRICATION�TECHNOLOGY�MUST�BE�FURTHER�IMPROVED��IN�THE�FUTURE�
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3EVERAL�ASPECTS�MUST�BE�CONSIDERED�WHEN�A�PHOTOVOLTAIC�DEVICE�STRUCTURE�IS�DESIGNED��)N
THE�FIRST�PLACE
�THE�ABSORPTION�OF�THE�INCIDENT�SPECTRUM�MUST�BE�AS�COMPLETE�AS�POSSIBLE
IN� THE� ACTIVE� REGION� OF� THE� DEVICE�� 4HEREFORE
� THE� INCIDENT� SPECTRUM� AND� THE� SPECTRAL
ABSORPTION�COEFFICIENT�OF�THE�MATERIAL�MUST�BE�KNOWN��4HESE�DATA�SUGGEST� THAT�A�SOLAR
SPECTRUM� IS� ALMOST� COMPLETELY� ABSORBED� IN� �� oM� 'A3B� AND� A� CORRESPONDING� ACTIVE
THICKNESS�WAS�CHOSEN�FOR�THE�DEVICES�

&URTHERMORE
�CARRIERS� SHOULD�BE�PHOTOEXCITED�WITHIN�A�MINORITY� CARRIER�DIFFUSION� LENGTH
FROM�THE�PN�JUNCTION� IN�ORDER�TO�BE�ABLE�TO�CONTRIBUTE�TO�THE�PHOTOCURRENT��4HEREFORE

THE�MINORITY� CARRIER� LIFETIMES�MUST� BE� SUFFICIENTLY� HIGH�� )N� PARTICULAR
� THE� DOPING� LEVELS
MUST�NOT�BE�CHOSEN�TOO�HIGH�IN�ORDER�TO�MINIMISE�ÌUGER��AND�RADIATIVE�RECOMBINATION�
/N�THE�OTHER�HAND
�THE�DOPING�LEVELS�MUST�BE�CHOSEN�AS�HIGH�AS�POSSIBLE�IN�ORDER�TO�LEAD
TO�A�HIGH�BUILT�IN�POTENTIAL�OF�THE�JUNCTION
�I��E��A�HIGH�VOLTAGE�OF�THE�DEVICE
�AND�REDUCE
/HMIC� LOSSES�� 4HEREFORE
� THE� OPTIMUM� DEVICE� STRUCTURE� IN� TERMS� OF� DOPING� LEVELS� AND
POSITION�OF�THE�PN�JUNCTION�CAN�ONLY�BE�DETERMINED�BY�A�DEVICE�MODELLING�ON�THE�BASIS�OF
ACCURATE�MATERIAL�PARAMETERS��ÌS�THE�CORRESPONDING�DATA�ARE�USUALLY�NOT�AVAILABLE�WITH
SUFFICIENT�ACCURACY
�QUALITATIVE�CONSIDERATIONS�MUST�GUIDE�THE�DEVELOPMENT�

-OREOVER
� THE� CURRENT� IN�A� SOLAR� CELL� IS� DOMINATED
BY�DIFFUSION�AS� THERE� IS�NO�ELECTRIC� FIELD�PRESENT� IN
THE� QUASI�NEUTRAL� REGIONS� 	1.2¾S
� AROUND� THE� PN�
JUNCTION�� #ONSEQUENTLY
� THE� CARRIERS� WILL� NOT� ONLY
REACH� THE� PN�JUNCTION� BUT� ALSO� THE� OPPOSITE
INTERFACE
� I��E�� THE�FRONT�OR�BACKSIDE�OF� THE�DEVICE�
4HE� SURFACES� OR� INTERFACES� USUALLY� HAVE� A� HIGH
RECOMBINATION� VELOCITY� AND� PHOTOEXCITED� CARRIERS
ARE� LOST�� #ARRIERS� MUST� THEREFORE� EITHER� BE� DRIVEN
AWAY� FROM� THESE� SURFACES�INTERFACES� BY� A� BUILT�IN
FIELD
�OR�THE�SURFACES�INTERFACES�MUST�BE�OF�A�NATURE
THAT� ENSURES� A� LOW� RECOMBINATION� VELOCITY�� "OTH
APPROACHES�WILL�BE�USED� IN� THE� SUBSEQUENT�DEVICE
STRUCTURES�

&INALLY
� THE� SERIES� RESISTANCE�OF� THE�DIFFERENT� LAYERS
MOST� BE� CONSIDERED�� %SPECIALLY� FOR� )))�6� CELLS� IN
CONCENTRATING�APPLICATIONS�THE�CURRENT�DENSITIES�CAN
BECOME�QUITE�HIGH��4HIS�IS�OF�PARTICULAR�IMPORTANCE
WITH�RESPECT�TO�THE�FRONT�CONTACT�GRID�BECAUSE�THE
METAL�COVERAGE�MUST�BE�KEPT�AS�SMALL�AS�POSSIBLE�

Ì� CORRESPONDING� CELL� STRUCTURE� IS� PRESENTED� IN
FIGURES� ���� 	LAYER� SEQUENCE
� AND� ���� 	BAND

'A3B�CONTACT�LAYER
P��%��CM��
�D��NM

	ÌL
����

'A
����


	ÌS
����

3B
����



P^�%��CM��
�D^��NM

'A3B�EMITTER�LAYER
P��%��CM��
�D����oM

'A3B�BASE�LAYER
N��%��CM��
�D����NM

'A3B�"3&�LAYER
N��%��CM��
�D����NM

	ÌL
���
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���

	ÌS

����
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����
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�D^��NM

'A3B�BUFFER�LAYER
N��%��CM��
�D����NM

'JHVSF�����
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DIAGRAM
�� 4HE� FOLLOWING� POINTS� WERE� CONSIDERED� WHEN� THIS� PARTICULAR� DESIGN� WAS
DEVELOPED�

� 3QBUJBM�BSSBOHFNFOU�PG�UIF�QO�KVODUJPO�
4HE� FRONT�SURFACE�1.2�OF� THE�PN�JUNCTION� IN� A� SOLAR� CELL� IS� USUALLY� CALLED� ÀEMITTERÁ

WHILE� THE� OTHER� 1.2� IS� CALLED� ÀBASEÁ�� 4HESE� TERMS� ARE� HISTORICALLY� BASED� ON� THE
DEVELOPMENT�OF�THE�TRANSISTOR��4HE�FIRST�OPEN�QUESTION�CONCERNING�CELL�DESIGN�IS�NOW
WHETHER� A� ÀP�ON�NÁ� 	I�� E�� A� P�TYPE� EMITTER� AND� AN� N�TYPE� BASE
� OR� AN� ÀN�ON�PÁ
STRUCTURE� IS� ADVANTAGEOUS�� 4HIS� QUESTION� CAN� BE� ANSWERED� SIMPLY� BY� CONSIDERING
MATERIAL� PROPERTIES� AND� DEVICE� PROCESSING� PROCEDURES� FOR� THE� ANTIMONIDES�� 'OOD
/HMIC�METAL� CONTACTS� TO�P�'A3B�CAN�BE�EASILY�MADE�WITHOUT�ANY�HIGH� TEMPERATURE
PROCESSING
�WHILE�N�TYPE�MATERIAL�REQUIRES�AN�ANNEALING�STEP��7HEN�AN�N�TYPE�LAYER�IS
USED�AS�EMITTER
� THE�ANNEALING�OF� THE�METAL�CONTACT�GRID� IS� LIKELY� TO�SHORT�CIRCUIT� THE
PN�JUNCTION�BY�DIFFUSION�EXCEPT�WHEN�THE�N�TYPE�LAYER�IS�VERY�THICK��(OWEVER
�A�THICK
N�TYPE�EMITTER�MUST�BE�EXPECTED�TO�BE�PROBLEMATIC�BECAUSE�(ITCHCOCK�ET�AL��;��
���=
REPORT�A�SMALL�MINORITY�CARRIER�DIFFUSION�LENGTH�IN�-/60%�GROWN�N�TYPE�'A3B�BELIEVED
TO� BE� DUE� TO� DEEP� LEVEL� DEFECTS� ASSOCIATED� WITH� TELLURIUM
� HIGHER� ÌUGER
RECOMBINATION�RATES�IN�N�TYPE�MATERIAL�AND�LOW�HOLE�MOBILITY��#ONSEQUENTLY
�A�P�TYPE
EMITTER�SHOULD�BE�USED�IN�THE�DEVICES��4HIS�P�TYPE�EMITTER�SHOULD�BE�THICK�ENOUGH�TO
ENSURE� THAT� MOST� OF� THE� PHOTONS� ARE� ABSORBED� IN� IT� SO� THAT� THE� MINORITY� CARRIER
PROPERTIES�OF�THE�N�TYPE�BASE�ARE�NOT�VERY�IMPORTANT�	EXCEPT�FOR�THE�SATURATION�CURRENT
DENSITY
�SEE�SECTION������
��&URTHERMORE
�A�THICK�P�TYPE�EMITTER�WILL�BE�BENEFICIAL�WITH
RESPECT� TO�EXCESSIVE�SERIES� RESISTANCE�AT� LOW�DOPING� LEVELS��0OSSIBLE�PROBLEMS�RELATED
TO�INSUFFICIENT�MINORITY�CARRIER�DIFFUSION�LENGTHS�DO�NOT�HAVE�TO�BE�EXPECTED�BECAUSE
THE�MOBILITIES� 	SEE�SECTION������
�AND�ESTIMATED� LIFETIMES� 	ACCORDING�TO� ;��=
�SUGGEST

'JHVSF����� #BOE� EJBHSBN� PG� TPMBS� DFMM� TUSVDUVSF� ����� 5IF� SFMBUFE� MBZFS� TFRVFODF� JT
TIPXO�JO�GJHVSF������5IF�DPOUBDU�MBZFS�BOE�UIF�CVGGFS�MBZFS�XFSF�PNJUUFE�JO
UIF� CBOE�EJBHSBN�� 5IF� CBOE�EJTDPOUJOVJUJFT� BSF� QMBVTJCMF� FTUJNBUFT� CBTFE

PO�B�WBMFODF�CBOE�EJTDPOUJOVJUZ�PG� =∆ VE ����F7�GPS�"M4C�(B4C�
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ELECTRON� DIFFUSION� LENGTHS� OF� SEVERAL� MICROMETERS� IN� P�DOPED� 'A3B�� 4HESE
CONSIDERATIONS�FINALLY�SUGGEST�A�PN�JUNCTION�PROFILE�AS�SHOWN� IN�FIGURES�����AND�����
Ì�SIMILAR�DESIGN�HAS�ALSO�BEEN�REPORTED� IN�THE� LITERATURE�WITH�REGARD�TO�	'A)N
	ÌS3B

THERMOPHOTOVOLTAIC� CELLS� 	E�� G�� ;��
� ���=
�� 4HESE� POINTS� COULD� ALSO� BE� CONFIRMED� IN
EXPERIMENTS��3OLAR�CELL�STRUCTURES�WERE�EXAMINED�THAT�WERE�COMPARABLE�TO�EACH�OTHER
APART� FROM� THE� POSITION� OF� THE� PN�JUNCTION�� -EASUREMENTS� CONFIRMED� A� BETTER
QUANTUM�EFFICIENCY� 	FIG�� ����� IN� ;��=
� AND�^��M6�HIGHER� OPEN�CIRCUIT� VOLTAGE� FOR� A
STRUCTURE� ACCORDING� TO� FIGURES� ���� AND� ���� COMPARED� TO� A� STRUCTURE� WITH� THIN� P�
EMITTER�AND�THICK�N�BASE�	SEE�ALSO�SECTION����
��(OWEVER
�IT�MUST�FINALLY�BE�MENTIONED
THAT�HIGHLY�DIFFERENT�'A3B�BASED�STRUCTURES�ARE�REPORTED� IN� THE� LITERATURE�FOR�DEVICES
PRODUCED�ON�THE�BASIS�OF�:N�DIFFUSION�INTO�BULK�GROWN�4E�DOPED�SUBSTRATES�;��=�

� #BDL�JOUFSGBDF�QBTTJWBUJPO�
ÌS�ALREADY�MENTIONED�ABOVE
� INTERFACES�WITH�CRITICAL� RECOMBINATION�VELOCITIES�WILL�BE
PRESENT� AT� THE� BACK� SIDE� OF� THE� PN�JUNCTION�� 0ARTICULARLY� THE� SUBSTRATE�EPILAYER
INTERFACE� CAN� BE� EXPECTED� TO� BE� A� MAJOR� PROBLEM� DUE� TO� A� HIGH� IMPURITY
CONCENTRATION��4HERE�ARE�TWO�POSSIBLE�WAYS�TO�PREVENT�THE�DIFFUSION�OF�PHOTOEXCITED
MINORITY�CARRIERS�TO�THIS�INTERFACE��A�FIELD�BASED�ON�A�HOMOEPITAXIAL�DOPING�GRADIENT�	A
SO�CALLED� ÀBACK� SURFACE� FIELDÁ� OR� À"3&Á
� AND� A� HETEROEPITAXIAL� CARRIER� CONFINEMENT
BASED� ON� A� WIDE� BAND� GAP� MATERIAL�� "OTH� APPROACHES� ARE� INCLUDED� IN� THE� DEVICE
STRUCTURE� SHOWN� IN� FIGURES� ����� AND� ����� 4HE�WIDE� BAND� GAP� APPROACH� IS� COMPLEX
BECAUSE� N�DOPED� 	ÌL'A
	ÌS3B
� IS� DIFFICULT� TO� ACHIEVE� IN� -/60%� AND� THE� CARRY�OVER
PROBLEM� OF� ALUMINIUM� 	SECTION� ������
� MUST� ALSO� BE� CONSIDERED�� -OREOVER
� A
POTENTIAL�BARRIER�FOR�NBKPSJUZ�CARRIERS�ALSO�ARISES�AT�THE�HETEROINTERFACE�EXCEPT�FOR�VERY
HIGH�DOPING�CONCENTRATIONS��/N� THE�OTHER�HAND
� FIGURE����� IMMEDIATELY� SHOWS� THAT
THE�WIDE�BAND�GAP�MATERIAL� CAN�BE�EXPECTED� TO�BE�A�MUCH�MORE�EFFECTIVE�MINORITY
CARRIER�CONFINEMENT�THAN�A�MERE�DOPING�GRADIENT��Ì�DOPING�STEP�MUST�BE�SIGNIFICANTLY
HIGHER�THAN�THE�ONE�INCLUDED�IN�FIGURES�����AND�����IN�ORDER�TO�ACHIEVE�A�COMPARABLE
CONFINEMENT��5NFORTUNATELY
�THIS�IS�PROHIBITED�BY�THE�LOW�UPPER�LIMIT�OF�THE�TELLURIUM
CONCENTRATION�FOR�-/60%�GROWN�'A3B��ÌS�A�CONSEQUENCE
�AN�EFFECTIVE�BACK�INTERFACE
PASSIVATION�IS�DIFFICULT�TO�DESIGN�

4HE� ABOVE� CONSIDERATIONS� WERE� EXPERIMENTALLY� EXAMINED� IN� RELATED� DEVICES�� 4HE
ÀCOMBINED�PASSIVATION�APPROACHÁ�	��DOPING�"3&�PLUS�	ÌL'A
	ÌS3B
�CONFINEMENT
�WAS
INCLUDED�IN�A�CELL�STRUCTURE�WITH�A�THIN�	^����NM
�:N�DIFFUSED�EMITTER�AND�COMPARED
TO� A� RELATED� STRUCTURE� WITHOUT� ANY� BACK� INTERFACE� PASSIVATION�� ÌS� THESE� STRUCTURES
SHOW�A�SIGNIFICANT�DEGREE�OF�PHOTOGENERATION�IN�THE�BASE�DUE�TO�THE�THIN�EMITTER
�THE
BACK� INTERFACE�PASSIVATION�CAN�BE�PREDICTED�TO� INFLUENCE�THE�DEVICE�PERFORMANCE��ÌS
EXPECTED
� AN� IMPROVED� QUANTUM� EFFICIENCY� OVER� ALMOST� THE� WHOLE� SPECTRUM� WAS
FOUND� FOR� THE� DEVICE�XJUI�PASSIVATION
� AND� CONSEQUENTLY� THE� COMBINED�PASSIVATION�
APPROACH�WAS�CONFIRMED�TO�WORK�FINE� 	FIG������� IN� ;��=
��4HE�STRUCTURE�ACCORDING� TO
FIGURES�����AND�����HAS�A�THICKER�EMITTER�	����oM
�AND�DID�NOT�SHOW�A�RELATED� LONG�
WAVELENGTH� DECREASE� OF� THE� QUANTUM� EFFICIENCY� WHEN� THE� N�	ÌL'A
	ÌS3B

CONFINEMENT� LAYER� WAS� OMITTED�� 4HIS� IS� PROBABLY� CAUSED� BY� THE� REDUCED� MINORITY
CARRIER�GENERATION�IN�THE�BASE�LAYERS�OF�THESE�STRUCTURES�DUE�TO�THE�THICK�EMITTERS��ÌS�A
CONSEQUENCE
�THE�N�	ÌL'A
	ÌS3B
�CONFINEMENT�LAYER�COULD�BE�OMITTED�IN�ALL�THE�DEVICE
STRUCTURES� DESCRIBED� IN� THE� FOLLOWING� SECTIONS� AND� A� SIMPLER� SINGLE�LAYER� DOPING�
GRADIENT�PASSIVATION�	"3&
�WAS�GENERALLY�EMPLOYED�
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� 'SPOU�TVSGBDF�QBTTJWBUJPO�
ÌS� ALREADY� SAID� ABOVE
� A� DEVICE� WITH� A� THICK� P�TYPE� EMITTER� IS� ADVANTAGEOUS� WITH
RESPECT� TO� PHOTOEXCITED�MINORITY� CARRIER� DIFFUSION� LENGTHS
� METAL� CONTACT� FORMATION
AND�SERIES� RESISTANCE��(OWEVER
� THE�SUCCESS�OF� THIS�CONCEPT�DEPENDS�ON�A� LOW�FRONT
SURFACE� RECOMBINATION� VELOCITY
� I�� E�� A� GOOD� SURFACE� PASSIVATION�� /THERWISE� SURFACE
LOSSES�WILL�DOMINATE�THE�PERFORMANCE�OF�THE�SOLAR�CELL��4HE�PASSIVATION�SHOULD�OPU�BE
BASED�ON�A�MERE�HOMOEPITAXIAL�DOPING�GRADIENT�BECAUSE�IN�THIS�CASE�THE�ABSORPTION
IN�THE�PASSIVATION� LAYER�WOULD�BE�TOO�HIGH��ÌS�AN�ALTERNATIVE
�AN�OXIDE� LAYER�CAN�BE
USED� FOR� SURFACE� PASSIVATION� PURPOSES� IN� SILICON� SOLAR� CELLS
� BUT� FOR� )))�6� COMPOUND
SEMICONDUCTORS� THE� DEPOSITION� OF� GOOD� OXIDES� WITH� LOW� INTERFACE� STATE� DENSITY� IS
PROBLEMATIC��4HEREFORE
�MINORITY�CARRIER�CONFINEMENT�ON�THE�BASIS�OF�A�WIDE�BAND�GAP
HETEROEPITAXIAL�ÀWINDOWÁ�LAYER�IS�THE�MOST�PROMISING�ALTERNATIVE�FOR�THE�FRONT�SURFACE
PASSIVATION�� 3OME� RELATED� REPORTS� ON� THE� 	ÌL'A
	ÌS3B
�PASSIVATION� OF� 	'A)N
	ÌS3B

EMITTERS�COULD�BE�FOUND�IN�THE�LITERATURE�;��
���
����=
�WITH�;��=�STATING�THAT�A�FITTING
PROCEDURE�COULD�NO�LONGER�DETECT�ANY�SIGNIFICANT�FRONT�SURFACE�RECOMBINATION�LOSS�IN
THE� RELATED� DEVICES�� 4HE� ABOVE� CONSIDERATIONS� WERE� EXPERIMENTALLY� EXAMINED� WITH
RESPECT�TO�-/60%�GROWN�'A3B�BASED�DEVICES�IN�THIS�THESIS��Ì�STRUCTURE�ACCORDING�TO
FIGURE� ���� WAS� DEPOSITED� IN� WHICH� THE� 	ÌL'A
	ÌS3B
� WINDOW� LAYER� WAS� OMITTED
	SAMPLE� ���
�� 4HE� MEASURED� QUANTUM� EFFICIENCIES� OF� THE� DEVICES� ARE� COMPARED� IN
FIGURE� ����� 4HE� 	ÌL'A
	ÌS3B
�WINDOW� LAYER� IMPROVES� THE� QUANTUM� EFFICIENCY
DRAMATICALLY�OVER�ALMOST�THE�ENTIRE�SPECTRUM�

&IGURE�����ALSO�CONTAINS� THE� INTERNAL�QUANTUM�EFFICIENCY�OF�SAMPLE������4HIS� SAMPLE� IS
EQUIVALENT� TO� THE� STRUCTURE� ���� SHOWN� IN� FIGURES� ���� TO� ���
� EXCEPT� THAT� THE
	ÌL'A
	ÌS3B
�BACK� INTERFACE� PASSIVATION� LAYER� WAS� OMITTED�� 4HIS� INTERNAL� QUANTUM
EFFICIENCY�WAS� CALCULATED� ON� THE� BASIS� OF� THE� REFLECTION� OF� A� RELATED�WAFER� BEFORE� THE
DEVICE�FABRICATION
�ASSUMING�A�����CONTACT�GRID�METAL�COVERAGE�OF�THE�FINAL�DEVICE��4HIS

'JHVSF����� &YUFSOBM� RVBOUVN� FGGJDJFODJFT� PG� TBNQMF� ���� 	XJUI� 	"M(B
	"T4C
� XJOEPX
MBZFS
� BOE� TBNQMF� ���� 	XJUIPVU� BOZ� GSPOU� TVSGBDF� QBTTJWBUJPO
�� 5IF
QBTTJWBUJOH� FGGFDU� PG� UIF� XJOEPX� MBZFS� JT� DMFBSMZ� EFNPOTUSBUFE�� 5IF
FTUJNBUFE�JOUFSOBM�2&�PG�TBNQMF�����	��TBNQMF�����XJUIPVU�O�	"M(B
	"T4C
�
#4'
�JT�BMTP�TIPXO�
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VALUE� IS� A� CAUTIOUS� ESTIMATE� AND� PROBABLY� TOO� SMALL� DUE� TO� THE� THICKER� CONTACT� GRID
FINGERS�AFTER�ELECTROPLATING��ÌS� THE� RELATED�%1%�MEASUREMENTS�WERE�PERFORMED�BEFORE
THE� REMOVAL� OF� THE� �� NM� 'A3B� CONTACT� LAYER
� THE� RELATED� ABSORPTION� LOSS� LEADS� TO� A
FURTHER� UNDER�ESTIMATION� OF� THE� REAL� DEVICE� PERFORMANCE�� (OWEVER
� )1%�VALUES� ABOVE
����ARE�ACHIEVED�FOR�THE�SPECTRAL�RANGE�������������oM�WHICH�MUST�BE�CONSIDERED�A�VERY
GOOD� VALUE� FOR� THESE� EARLY� STAGES� OF� THE� DEVICE� DEVELOPMENT�� 4HE� BEST� VALUES� ARE
ACHIEVED� IN� THE� RANGE��� �������oM�� FOR� SHORTER�WAVELENGTHS� THE�ONSET�OF� THE� STRONGER
ABSORPTION� OF� THE� WINDOW� AND� CONTACT� LAYERS� CAN� BE� SEEN
� WHILE� LOSSES� AT� LONGER
WAVELENGTHS�CAN�PROBABLY�BE�ATTRIBUTED�TO�RECOMBINATION�IN�THE�BASE��4HE�SMALL�PEAK�AT
����NM�CORRESPONDS�TO�A�LOCAL�REFLECTION�MINIMUM�OF�'A3B��)T�MUST�BE�NOTED�THAT�THE
QUANTUM�EFFICIENCY�OF�THE�DEVICE�IN�THE�INTENDED�APPLICATION�	SEE�SECTION������
�IS�ONLY�OF
INTEREST�FOR�WAVELENGTHS�ABOVE�^�����NM�BECAUSE�PHOTONS�WITH�HIGHER�ENERGIES�WILL�BE
ABSORBED�IN�THE�'AÌS�BASED�SOLAR�CELL�

&URTHER� IMPROVEMENTS�OF�THE�DEVICE�CAN�BE�EXPECTED�FOR�WINDOW�LAYERS�THAT�SHOW�LESS
ABSORPTION�	REDUCED�THICKNESSES
�HIGHER�BAND�GAPS
�AND� IMPROVED�BASE� LAYERS��Ì�DIRECT
METAL� CONTACT� TO� THE� 	ÌL'A
	ÌS3B
�WINDOW� LAYER� SHOULD� ALSO� BE� EXAMINED� IN� ORDER� TO
FACILITATE�THE�DEVICE�FABRICATION�WITH�RESPECT�TO�THE�REMOVAL�OF�THE�'A3B�CONTACT�LAYER�

����� &NJUUFS�EPQJOH�MFWFM

Ì� SERIES�OF� SOLAR� CELL� STRUCTURES�WAS�DEPOSITED�WHERE� THE� ACCEPTOR�DOPING� LEVEL� IN� THE
EMITTER� WAS� VARIED� WHILE� ALL� OTHER� PARAMETERS� WERE� HELD� CONSTANT�� 4HE� REFERENCE
STRUCTURE� IS����� 	������WITHOUT� 	ÌL'A
	ÌS3B
�BACK� INTERFACE�CONFINEMENT
��4HE�DEVICES

'JHVSF����� 4IPSU�DJSDVJU�DVSSFOU�PG�JEFOUJDBM�TPMBS�DFMMT�XIFSF�POMZ�UIF�BDDFQUPS�EPQJOH
MFWFM�PG�UIF�FNJUUFS�XBT�WBSJFE��5IF�TIPSU�DJSDVJU�DVSSFOU�XBT�DBMDVMBUFE�PO
UIF�CBTJT�PG�UIF�LOPXO�DFMM�BSFB
�BO�JODJEFOU�".����H�TQFDUSVN��BOE�RVBO�
UVN�FGGJDJFODZ�NFBTVSFNFOUT��*O�BEEJUJPO
�NFBTVSFE�WBMVFT�BSF�TIPXO�UIBU
XFSF�BWFSBHFE�PWFS�BMM�DPNQBSBCMF�DFMMT�PO�POF�XBGFS�JO�B�TPMBS�TJNVMBUPS�
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WERE� PROCESSED� AND� THE� OPEN�CIRCUIT� VOLTAGES� AND� THE� EXTERNAL� QUANTUM� EFFICIENCIES
MEASURED�� /N� THE� BASIS� OF� AN� INCIDENT� SPECTRUM� AND� A� GIVEN� CELL� AREA� THE� QUANTUM
EFFICIENCY� CAN� BE� TRANSLATED� INTO� A� SHORT�CIRCUIT� CURRENT�� 4HE� CORRESPONDING� RESULTS� ARE
SHOWN� IN� FIGURE� ���� TOGETHER� WITH� MEASURED� VALUES� THAT� WERE� AVERAGED� OVER� ALL
COMPARABLE�CELLS�ON�ONE�WAFER�IN�A�SOLAR�SIMULATOR��4HE�LOWEST�DOPING�LEVEL�CORRESPONDS
TO�A�NOMINALLY�UNDOPED�EMITTER�WITH�A�BACKGROUND�CONCENTRATION�OF�NATIVE�ACCEPTORS�
4WO�PROMINENT�FEATURES�OF�THE�DATA�MUST�BE�DISCUSSED��&IRSTLY
�A�VERY�LOW�LEVEL�OF�SILICON
ACCEPTORS�SEEMS�TO�GIVE�THE�BEST�SHORT�CIRCUIT�CURRENT�OF�ALL�STRUCTURES��4HIS�RESULT�MIGHT
REPRESENT� AN� IMPROVED�MINORITY� CARRIER� LIFETIME� DUE� A� REDUCED� CONCENTRATION� OF� DEEP
LEVELS�ASSOCIATED�WITH�NATIVE�ACCEPTORS� 	SEE�SECTION����
��(OWEVER
�A� RELATED�CALIBRATION
MISTAKE�DURING�THE�%1%�MEASUREMENT�OF�THE�SAMPLE�CAN�NOT�BE�RULED�OUT�AS�THE�DIRECT
MEASUREMENT� IN� A� SOLAR� SIMULATOR�DOES�NOT�GIVE� A� SIMILARLY� DISTINCT� RESULT�� 4HE� HIGHEST
DOPING� LEVEL� GAVE� A� SLIGHTLY� REDUCED� SHORT�CIRCUIT� CURRENT�� 4HIS� RESULT� IS� BELIEVED� TO
REPRESENT� THE� ONSET� OF� A� STRONGER� LOSS� OF� MINORITY� CARRIERS� DUE� TO� A� HIGHER� RADIATIVE
RECOMBINATION�RATE
�WHILE�THE�LIFETIME�AT�LOWER�ACCEPTOR�LEVELS�IS�PROBABLY�DOMINATED�BY
DOPING�INDEPENDENT� 3HOCKLEY�2EAD�(ALL� RECOMBINATION�� 4HE� RELATED� BEHAVIOUR� OF� THE
OPEN�CIRCUIT�VOLTAGE�IS�SHOWN�IN�FIGURE�����

ÌS� THE� MINORITY� CARRIER� DIFFUSION� CURRENT� IS� A� LINEAR� FUNCTION� OF� THE� MINORITY� CARRIER
CONCENTRATION�	EQU��������IN�;��=

� 2

innp =⋅ �MEANS�THAT�THE�ELECTRON�DIFFUSION�CURRENT�IN

THE�EMITTER�WILL�FOLLOW�
A

diff
e NI 1∝ ��ÌS�A�RESULT
�THE�ELECTRONIC�SATURATION�CURRENT�DENSITY

IS� REDUCED�WHEN� THE� EMITTER� DOPING� LEVEL� IS� INCREASED�� &URTHERMORE
� IT�WAS� DERIVED� IN
SECTION� ������ THAT� THE� OPEN�CIRCUIT� VOLTAGE� INCREASES� WHEN� THE� SATURATION� CURRENT
DECREASES��#ONSEQUENTLY
�7

PD
�CAN�BE�EXPECTED�TO�RISE�WITH�INCREASING�/

"
�AS�LONG�AS�THE

OTHER�MATERIAL�PARAMETERS�SUCH�AS�CARRIER�LIFETIMES�AND�MOBILITIES�STAY�CONSTANT�
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4HE�OPEN�CIRCUIT�VOLTAGE�WAS�MEASURED�AT�A�CONCENTRATION�RATIO�OF�APPROXIMATELY�#���
	DEFINED�BY�THE�CORRESPONDING�SHORT�CIRCUIT�CURRENT
�BECAUSE�AN�OPERATION�OF�THE�DEVICE
IN�A�CONCENTRATING�SYSTEM�IS�EVENTUALLY�INTENDED��-OREOVER
�SHUNT�EFFECTS�TEND�TO�LOWER
7

PD
�AT� INTENSITIES�AROUND�#����%ACH�DATA�POINT� REPRESENTS� THE�BEST�VALUE�OF�ALL� CELLS�ON

ONE�WAFER�� )N� THE�EXPERIMENTS
� AN� INCREASE�OF� THE�OPEN�CIRCUIT� VOLTAGE�WITH� INCREASING
EMITTER� DOPING� CAN� BE� OBSERVED� FOR� THE� LOWEST� DOPING� LEVELS�� (OWEVER
� BETWEEN

16105 ⋅ CM���AND� 17108 ⋅ CM���A�SIGNIFICANT�VARIATION�IS�NO�LONGER�FOUND��Ì�RELATED�ANALYSIS
OF�THE�SATURATION�CURRENT�DENSITY�CAN�BE�FOUND�IN�;��=�

4HE� BATCH� NUMBERS� IN� THE� FIGURE� INDICATE� DIFFERENT� SETS� OF� EXPERIMENTS� AND� SHOW� A
CERTAIN� IRREPRODUCIBILITY�� 7HETHER� THIS� MUST� BE� ATTRIBUTED� TO� GROWTH� ISSUES� OR� THE
FABRICATION� TECHNOLOGY� COULD� NOT� BE� CLARIFIED�� &OR� THE� GIVEN� DEVICE� STRUCTURE
� EMITTER
DOPING�LEVELS�AROUND� 17101⋅ CM���APPEAR�MOST�PROMISING�IN�THIS�CONTEXT�

����� #BTF�EPQJOH�MFWFM

)N� ADDITION� TO� THE� EMITTER� DOPING� LEVEL� VARIATION� OF� THE� PRECEDING� SECTION
� A� SERIES� OF
SOLAR� CELL� STRUCTURES� WAS� DEPOSITED� WHERE� THE� DONOR� DOPING� LEVEL� IN� THE� EMITTER� WAS
VARIED�WHILE�ALL�OTHER�PARAMETERS�WERE�HELD�CONSTANT��ÌGAIN
� THE�REFERENCE�STRUCTURE� IS
����� /PEN�CIRCUIT� VOLTAGE� AND� QUANTUM� EFFICIENCIES� OF� THE� RELATED� DEVICES� WERE
MEASURED��4HE�CORRESPONDING�RESULTS�ARE�SHOWN�IN�FIGURES������AND�������4HE�EXTERNAL
QUANTUM� EFFICIENCIES� ARE� VERY� SIMILAR� FOR� ALL� BASE� DOPING� LEVELS�� 4HIS� CAN� EASILY� BE
EXPLAINED�BECAUSE�MOST�OF�THE�ABSORPTION�OCCURS�IN�THE�EMITTER�PART�OF�THE�STRUCTURE�AND
THE� MINORITY� CARRIER� LIFETIME� IN� THE� BASE� DOES� NOT� SIGNIFICANTLY� INFLUENCE� THE� DEVICE
PERFORMANCE��4HE�OPEN�CIRCUIT�VOLTAGE�INCREASES�WITH�INCREASING�DONOR�CONCENTRATION��ÌS

'JHVSF������ &YUFSOBM�RVBOUVN�FGGJDJFODJFT�PG�EFWJDF�TUSVDUVSFT�CBTFE�PO�UIF�SFGFSFODF
TUSVDUVSF� ���� 	�� GJHVSF� ���� XJUIPVU� 	"M(B
	"T4C
� CBDL� JOUFSGBDF
DPOGJOFNFOU
�� /P� WBSJBUJPO� PG� UIF� RVBOUVN� FGGJDJFODJFT� XJUI� UIF� CBTF
EPQJOH�MFWFM�JT�PCTFSWFE�
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A� SATURATION�HAS�NOT�BEEN�OBSERVED
�EVEN�HIGHER�DOPING� LEVELS� SHOULD�BE�EXAMINED� IN
THE�FUTURE��Ì�SIGNIFICANTLY�BETTER�VOLTAGE�WAS�ACHIEVED�FOR�A�ÀFIRST�BATCHÁ�DEVICE�	SAMPLE
���

�INDICATING�REPRODUCIBILITY�PROBLEMS�CONCERNING�GROWTH�OR�FABRICATION�TECHNOLOGY�

��� 	"M(B
	"T4C
�IPNPKVODUJPO�TPMBS�DFMMT

)N� SECTION� ������ THE� MULTIJUNCTION� APPROACH� FOR
EXTREMELY�HIGH�PHOTOVOLTAIC�CONVERSION�EFFICIENCIES
WAS� DESCRIBED�� )T� WAS� SHOWN� THAT� IN� A� ��JUNCTION
SYSTEM� THE� THIRD� JUNCTION� SHOULD� BE� BASED� ON� A
BAND�GAP�OF�APPROXIMATELY���E6
�AND�	ÌL'A
	ÌS3B

WAS� SUGGESTED� AS� A� PROMISING�MATERIAL�� (OWEVER

THE� RESULTS� PRESENTED� IN� SECTION� ���� HAVE� SHOWN
THAT� THE�-/60%�OF�HIGH�QUALITY� 	ÌL'A
	ÌS3B
� IS�AN
EXTREMELY� DIFFICULT� CHALLENGE�� "ASED� ON� THE� RESULTS
OF� SECTION����
�A�PRELIMINARY�CELL� STRUCTURE� 	SAMPLE
���
� WITH� A� BAND� GAP� AROUND� ���� E6� COULD� BE
DEPOSITED��4HE�RELATED�LAYER�SEQUENCE�IS�PRESENTED
IN�FIGURE�����
�AND�THE�BAND�DIAGRAM�IN�REAL�SPACE
CAN� BE� FOUND� IN� FIGURE� ������ ÌS� SHORT� MINORITY
CARRIER� LIFETIMES� AND� BAD� MOBILITIES� � HAVE� TO� BE
EXPECTED� IN� THE�MATERIAL
� THE�DIFFUSION� LENGTHS�ARE
LIKELY� TO�BE� RELATIVELY� LIMITED
� PARTICULARLY� IN�N�TYPE
MATERIAL�� #ONSEQUENTLY
� THE� LAYERS� IN� THE� ACTIVE
REGION� OF� DEVICE� ���� WERE� CHOSEN� TO� BE� THINNER
THAN� IN� THE� 'A3B�CELLS�� ÌS� N�TYPE� DOPING� OF
	ÌL'A
	ÌS3B
� WITH� HIGH� ÌL�CONCENTRATIONS� WAS
PREVENTED�BY� A� HIGH� BACKGROUND�HOLE� CONTAMINA�
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TION
�NO�WIDE�BAND�GAP�BACKSIDE�PASSIVATION�OF�THE�ACTIVE�REGION�COULD�BE�INCORPORATED
INTO�THE�STRUCTURE�

4HE�CELL�GAVE�AN�OPEN�CIRCUIT�VOLTAGE�OF�����M6�AT�A�CONCENTRATION�RATIO�OF�AROUND����
4HE� MEASURED� QUANTUM� EFFICIENCY� IS� SHOWN� IN� FIGURE� ������ (ERE
� THE� ÂDARKÀ
MEASUREMENT� REPRESENTS� THE� STANDARD� TECHNIQUE� WITHOUT� ANY� BIAS� LIGHT�� ÌN� %1%� OF
AROUND� ���� WAS� MEASURED� ABOVE� THE� BAND� GAP� OF� 	ÌL'A
	ÌS3B
� 	^���� E6

I��E��^�����NM
��"ESIDES
�A�SURPRISING�AND�VERY� INTERESTING�PECULIARITY�WAS�MEASURED�AT
WAVELENGTHS�BETWEEN�����AND������E6
�I��E��BETWEEN�THE�BAND�GAPS�OF�	ÌL'A
	ÌS3B
�AND
'A3B�� (ERE
� THE� ÀDARKÁ� %1%� OF� THE� DEVICE� DOES� NOT� VANISH� BUT� TAKES� A� FINITE� VALUE
SLIGHTLY�ABOVE������4HIS�CAN�POSSIBLY�BE�EXPLAINED�BY�ABSORPTION�IN�THE�BUFFER�LAYER��$UE
TO�THEIR�THERMAL�DISTRIBUTION�SOME�OF�THE�PHOTOEXCITED�HOLES�IN�THE�'A3B�BUFFER�MIGHT�BE
ABLE� TO� OVERCOME� THE� BARRIER� INTO� THE� 	ÌL'A
	ÌS3B
� BASE�� (ERE
� THEY� LEAD� TO� A
PHOTOCURRENT�AND�HENCE�CONTRIBUTE�TO�THE�QUANTUM�EFFICIENCY�

)N� ORDER� TO� EXAMINE� THIS� DEVICE� IN� MORE� DETAIL
� THE� CELL� WAS� ANALYSED� WITH
CHARACTERISATION� TECHNIQUES� THAT� ARE� USUALLY� EMPLOYED� FOR� THE� ANALYSIS� OF� MONOLITHIC
TANDEM� CELLS�� 4HE� CORRESPONDING� MEASUREMENTS� CAN� BE� FOUND� IN� ;��=�� (OWEVER
� AN
EXPLANATION�FOR�THE�RELATED�DATA�WITH�REGARD�TO�THE�DEVICE�STRUCTURE�CAN�NOT�YET�BE�GIVEN�

��� )FUFSPKVODUJPO�TPMBS�DFMMT

Ì� NOVEL� CLASS� OF� 'A3B�BASED� PHOTOVOLTAIC� DEVICES
WAS�DEVELOPED��PN�HETEROJUNCTION�SOLAR�CELLS��(ERE

EMITTER�AND�BASE�CONSIST�OF�MATERIALS�WITH�DIFFERENT
BAND�GAPS��4HE�STRUCTURE�OF�THE�RELATED�SAMPLES� IS
GIVEN� IN� FIGURE� ����
� THE� BAND� DIAGRAM� IN� FIGURE
������ )N� ADDITION� TO� THESE� P�	ÌL'A
	ÌS3B
�N�'A3B�
STRUCTURES�A�CELL�BASED�ON�A�P�'A3B�N�	ÌL'A
	ÌS3B
�
STRUCTURE�WILL�ALSO�BE�DISCUSSED�BELOW�

4HE� PN�HETEROJUNCTION� NEEDS� A� MORE� COMPLEX
DESCRIPTION�THAN�THE�SIMPLE�HOMOJUNCTION��ÌS�BOTH
THE� &ERMI� LEVEL� BOE� THE� BAND� OFFSETS� MUST� BE
CORRECTLY� ADJUSTED� AT� THE� JUNCTION
� AN� ADDITIONAL
BARRIER� IS� USUALLY� FORMED� IN�ONE�OF� THE�BANDS� 	SEE
FIGURE� ����
�� Ì� RELATED� EXTENSION� OF� THE� 3HOCKLEY
DIODE�MODEL�DESCRIBED�IN�SECTION�������	À3OLAR�CELLS
��4HE� IDEAL�DEVICEÁ
� IS� THE�ÌNDERSON�MODEL
�WHICH
CONSIDERS� THE�DISCONTINUITIES�OF� THE�BAND�GAP� AND
DIELECTRIC�FUNCTION�	�����IN�;��=
�������IN�;��=
�

(OWEVER
�A�MAJOR�ADVANTAGE�OF�PN�HETEROJUNCTIONS
WITH� REGARD� TO� SOLAR� CELLS� CAN�BE� ILLUSTRATED�WITHIN
THE�EXPRESSIONS�DERIVED�FOR�3HOCKLEY�HOMOJUNCTION
DIODES�IN�SECTION��������4HERE
�THE�DIFFUSION�CURRENT
	�� SATURATION� CURRENT� OR� DARK� CURRENT
� COULD� BE
EXPRESSED�IN�TERMS�OF�MATERIAL�PARAMETERS�
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ÌS�A�HIGHER�BAND�GAP�IN�EMITTER�OR�BASE�WILL�REDUCE�THE�RELATED�MINORITY�CARRIER�DIFFUSION
CURRENT� DUE� TO� THE� LOWER� VALUE� FOR�OJ
� THE� OPEN�CIRCUIT� VOLTAGE� OF� THE� HETEROSTRUCTURE
DEVICE� IS� LIKELY� TO� INCREASE� 	AS� LONG� AS� THE�MATERIAL� QUALITY� IN� TERMS� OF�%� AND� -� IS� NOT
INFLUENCED
�� 4HE� HIGH� BARRIER� FOR� MINORITY� CARRIER� DIFFUSION� INTO� THE� WIDE� BAND� GAP
MATERIAL�HAS�THE�SAME�CONSEQUENCE�

(OWEVER
�THIS�SIMPLE�DISCUSSION�NEGLECTS�MANY�IMPORTANT�EFFECTS��4HE�SPIKE�OR�NOTCH�IN
ONE�OF� THE�BANDS� TENDS� TO� IMPEDE� TRANSPORT�OF�PHOTOGENERATED�CARRIERS�AND�CAN�EVEN
INFLUENCE�THE�DARK�)�6�CURVE��4UNNELING�THROUGH�THE�BARRIER�CAN�OCCUR�IN�THIS�CONTEXT��4HE
EXACT� BAND� ALIGNMENT� IS� HARD� TO� PREDICT� DUE� TO� A� SEVERE� UNCERTAINTY� REGARDING� BAND
OFFSETS� 	SEE� FOR� EXAMPLE� ;��=� CONCERNING� 	ÌL'A
	ÌS3B
�)NÌS
�� #HARGED� INTERFACE� STATES
AND�DIPOLES�CAN�OCCUR��"ESIDES
�THE�GROWTH�PROCEDURE�MIGHT�DEPOSIT�EXTRINSIC�IMPURITIES
AT� THE� HETEROINTERFACE�� 4HE� CORRESPONDING� INTERFACE� STATES� PROVIDE� A� LARGE� DENSITY� OF
NON�RADIATIVE�RECOMBINATION�CENTERS� THAT�ARE�PARTICULARLY�EFFECTIVE�DUE�TO�THEIR�POSITION
IN� THE� CENTRE� OF� THE� DEPLETION� REGION�� Ì� RELATED� MODELLING� OF� DEVICES� BASED� ON� THE
HETEROJUNCTION� 	ÌL'A
	ÌS3B
�'A3B� GETS� FURTHER� COMPLICATED� DUE� TO� THE� LACK� OF
INFORMATION� ON� THE� OPTICAL� DATA� OF� 	ÌL'A
	ÌS3B
� ;��=�� -UCH� EXPERIENCE� CONCERNING
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HETEROJUNCTION� PHOTOVOLTAIC� DEVICES� HAS� BEEN� GAINED� IN� THE� FIELD� OF� CHALCOPYRITE� SOLAR
CELLS��2ELATED�DOPING�PROBLEMS�IN�SOME�OF�THE�MATERIALS�MAKE�HETEROINTERFACES�NECESSARY
FOR�THE�REALISATION�OF�PN�JUNCTIONS��&OR�EXAMPLE�CELLS�MADE�OF�P�TYPE�#U)N3E���ABSORBERS
USUALLY�HAVE�N�TYPE�CADMIUMSELENIDE�BUFFER�LAYERS�BELOW�THE�N�TYPE�ZINCOXIDE�WINDOW�
4HE� CADMIUMSELENIDE� BUFFER� MOVES� PART� OF� THE� CONDUCTION� BAND� DISCONTINUITY� AWAY
FROM� THE� ABSORBER� SURFACE�� %VEN� FOR� A� GIVEN� HIGH� INTERFACE� RECOMBINATION� VELOCITY

RECOMBINATION� AT� THE� ABSORBER� INTERFACE� IS� MINIMISED� WHEN� THE� &ERMI� LEVEL� AT� THE
INTERFACE�IS�CLOSE�TO�ONE�OF�THE�BAND�EDGES��4HIS�IS�ACHIEVED�BY�HIGHLY�ASYMMETRIC�DOPING
IN� CHALCOPYRITE� SOLAR� CELLS� ;��=�� )N� SUMMARY
� IT� IS� DIFFICULT� TO� PREDICT� THE� DEVICE
PERFORMANCE�OF�A�PARTICULAR�HETEROJUNCTION�SOLAR�CELL�DUE�TO�THE�WIDE�PARAMETER�SPACE�
&IRST� REPORTS� ;��=� ON� ENHANCED� OPEN�CIRCUIT� VOLTAGES� OF� N�	ÌL'A
	ÌS3B
�P�	'A)N
	ÌS3B

PHOTOVOLTAIC�CELLS�GROWN�BY�-"%�ARE�PROMISING�FOR�THE�ANTIMONIDES�

)N�ORDER�TO�EXAMINE�THE�PERFORMANCE�OF�P�	ÌL'A
	ÌS3B
�N�'A3B�SOLAR�CELLS
�A�SET�OF�DEVICE
STRUCTURES� WAS� DEPOSITED� ACCORDING� TO� FIGURES� ����� AND� ������ 4HE� ALUMINIUM
CONCENTRATION� IN� THE� P�TYPE� EMITTER� WAS� VARIED� BETWEEN� ���� AND� ���� 4HE� EMITTER
LAYERS� WERE� NOMINALLY� UNDOPED
� I�� E�� CARBON� BACKGROUND� DOPED�� THEIR� ACCEPTOR
CONCENTRATION� VARIED� BETWEEN� 16102 ⋅ CM��� AND� APPROXIMATELY� 17105 ⋅ CM��� ACCORDING� TO
THEIR�ÌL�CONCENTRATION�	SECTION������
��4HE�OPEN�CIRCUIT�VOLTAGES�OF�THE�DEVICES�ARE�SHOWN
IN�FIGURE������

)N�ORDER� TO�COMPARE� THE�OPEN�CIRCUIT� VOLTAGES�OF� THE�ABOVE�HETEROJUNCTION�CELLS� TO� THE
DATA�OF�HOMOJUNCTIONS
�IT�MUST�BE�ENSURED�THAT�ONLY�DEVICES�FROM�THE�SAME�FABRICATION
TECHNOLOGY�RUN�ARE�COMPARED��/THERWISE�IRREPRODUCIBILITIES�DURING�GROWTH�OR�FABRICATION
WOULD�PROHIBIT�A�FAIR�COMPARISON��)N�THIS�CONTEXT
�THE�À�ND�BATCHÁ�VOLTAGES�IN�FIGURE�����
MUST� BE� COMPARED� TO� THE� HOMOJUNCTION� CELL� VOLTAGES� SHOWN� AS� À�ND� BATCHÁ� IN� FIGURE
������7HILE� THE�HETEROJUNCTION� CELLS�WITH� EMITTER�ÌL�CONCENTRATIONS� OF� ��
� ���
� AND
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����ARE�NOT�AS�GOOD�AS�THE�HOMOJUNCTION�CELLS
�THE�STRUCTURES�WITH����AND�����SHOW
COMPARABLE� VOLTAGES�� 3IMILARLY
� THE� À�ST� BATCHÁ� HETEROJUNCTION� IN� FIGURE� ����� CAN� BE
COMPARED�TO�THE�À�ND�BATCHÁ�HOMOJUNCTIONS�IN�FIGURE������(ERE
�THE�HETEROJUNCTION�	XÌL
�����
�SHOWS�AN�APPROXIMATELY����M6�HIGHER�6OC�COMPARED�TO�THE�HOMOJUNCTIONS�

Ì� FINAL� EVALUATION�ON�WHETHER�HETEROJUNCTION� STRUCTURES� CAN�GIVE�HIGHER� VOLTAGES� THAN
HOMOJUNCTIONS�CAN�THEREFORE�NOT�YET�BE�GIVEN�DUE�TO�A�GENERAL� IRREPRODUCIBILITY�OF� THE
DATA��7HILE�IT�WOULD�BE�POSSIBLE�TO�TRY�A�QUALITATIVE�DISCUSSION�OF�THE�DATA�IN�FIGURE�����
IN�TERMS�OF� THE�CARRIER�CONCENTRATIONS�AND� LIFETIMES� 	OXYGEN�RELATED�DEEP� LEVELS
�DIRECT�
TO�INDIRECT�TRANSITION�OF�THE�MATERIAL
�INTRINSIC�CARRIER�CONCENTRATION
����

�THE�SCATTERING�OF
THE� DATA� MUST� PROHIBIT� A� CONVINCING� LINE� OF� REASONING�� ÌS� AN� OVERALL� RESULT

HETEROJUNCTIONS�DEVICES�HAVE�PROVEN�THEIR�POTENTIAL�TO�REACH�BU� MFBTU�UIF�TBNF�VOLTAGES
AS� HOMOJUNCTIONS� CELLS� BASED� ON� 'A3B�� &URTHER� WORK� CONCERNING� THE� OPTIMUM
ALUMINIUM�CONCENTRATION�IS�OBVIOUSLY�NECESSARY�

7HILE�IT�COULD�BE�SHOWN�ABOVE�THAT�HETEROJUNCTION�CELLS�HAVE�THE�POTENTIAL�TO�REACH�AT
LEAST� THE� SAME� VOLTAGES� AS� THEIR� HOMOJUNCTION� COUNTERPARTS
� THE� CORRESPONDING� SHORT�
CIRCUIT� CURRENT� DENSITY� MUST� NOT� BE� NEGLECTED�� 4HE� QUANTUM� EFFICIENCIES� OF� THE
HETEROJUNCTION�DEVICES�ARE�SHOWN�IN�FIGURES������AND�������&IRSTLY
�IT�IS�OBVIOUS�THAT�THE
ALUMINIUM�CONCENTRATION� IN� THE�EMITTER�DOES�NOT�HAVE�A�MAJOR�EFFECT�ON� THE�QUANTUM
EFFICIENCY�	FIGURE�����
��4HIS�RESULT�COULD�BE�EXPECTED�FOR�WAVELENGTH�THAT�ARE�ABSORBED
IN�THE�'A3B�BASE
�BUT� IS�TO�SOME�EXTENT�SURPRISING�FOR�THE�HIGHER�ENERGIES�ABSORBED�IN
THE�	ÌL'A
	ÌS3B
�EMITTERS��(ERE
�THE�MATERIAL�QUALITY�HAS�BEEN�SHOWN�TO�DECREASE�RAPIDLY
WITH�INCREASING�ALUMINIUM�CONCENTRATION�	SECTION����
�

ÌLL� THE� DEVICES� SHOWN� IN� FIGURE� ����� SHOW� PEAK� VALUES� FOR� THE� EXTERNAL� QUANTUM
EFFICIENCY� BETWEEN� ��� AND� ����� 4HIS� IS� SLIGHTLY� LESS� THAN� THE� HOMOJUNCTION� DEVICES
PRESENTED� IN� FIGURES� ���� AND�������(OWEVER
� AS� ALREADY� SAID� IN� SECTION�������-/60%�
GROWN�TELLURIUM�DOPED�'A3B�CAN�NOT�BE�EXPECTED�TO�BE�A�VERY�GOOD�ABSORBING�MATERIAL
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WITH�RESPECT�TO�MINORITY�CARRIER�DIFFUSION�LENGTHS��4HIS� IS�NOW�FURTHER�UNDERLINED�BY�THE
FACT�THAT�THE�ÀHETEROJUNCTIONÁ�CELL�WITH�XÌL ���IS�ACTUALLY�A�HOMOJUNCTION�CELL�WITH�A�THIN
EMITTER�AND�THICK�BASE��THE�%1%�OF�THE�DEVICE�	FIGURE�����
�COMPARED�TO�THE�%1%�OF�THE
HOMOJUNCTIONS�WITH�THICK�EMITTERS�AND�THIN�BASES�	FIGURES�����AND�����
�SHOWS�THAT�THE
CONSIDERATIONS� CONCERNING� THE� FUNDAMENTAL� ASPECTS�OF� CELL� DESIGN� 	SECTION������
�WERE
INDEED� CORRECT�� ÌBSORPTION� IN� P�TYPE� EMITTERS� GIVES� BETTER� QUANTUM� EFFICIENCIES� THAN
ABSORPTION�IN�N�TYPE�BASES
�AND�THE�OPEN�CIRCUIT�VOLTAGES�SHOW�THE�SAME�TENDENCY�

4HESE� CONSIDERATIONS� CAN� NOW� BE� APPLIED� IN� ORDER� TO� IMPROVE� THE� HETEROJUNCTION� CELL
STRUCTURE��Ì�REVERSED�DEVICE�STRUCTURE�	SAMPLE����
�WAS�DEPOSITED
�IN�WHICH�THE�JUNCTION
IS� FORMED� BY� A� P�TYPE� 'A3B� EMITTER� 	P� 17101⋅ CM�� 
� D����oM
� AND� AN� N�TYPE
	ÌL'A
	ÌS3B
�BASE�	N�� 18101⋅ CM��
�D����NM
��4HIS�DEVICE�STRUCTURE�IS�VERY�SIMILAR�TO�THE
HOMOJUNCTION�SOLAR�CELLS�PRESENTED�IN�SECTION�������WITH�REGARD�TO�THE�FACT�THAT�MOST�OF
THE�LIGHT�IS�ABSORBED�IN�A�P�TYPE�'A3B�EMITTER��&IGURE������SHOWS�THE�%1%S�OF�A�STANDARD
HETEROJUNCTION� CELL� 	TAKEN� FROM� FIGURE� ����

� THE� REVERSED� HETEROJUNCTION� ���� AND� A
HOMOJUNCTION� CELL�WITH� THE� SAME� EMITTER� DOPING� LEVEL� AS� THE� REVERSED� HETEROJUNCTION�
4HESE� CELLS�WERE� ALL� GROWN�AND�MANUFACTURED� IN� THE� SAME� RUN
� SO� THAT� THEIR� DATA� ARE
COMPARABLE��7HILE�THE�BEST�STANDARD�HETEROJUNCTION�HAS�APPROXIMATELY�THE�SAME�OPEN�
CIRCUIT�VOLTAGE�	^����M6
�BUT�A�REDUCED�%1%�IN�COMPARISON�TO�THE�HOMOJUNCTION�DEVICE

THE�REVERSED�HETEROJUNCTION�HAS�THE�SAME�%1%�AS�THE�HOMOJUNCTION�BUT�AN�IMPROVED�7PD

	����M6
�� ÌS� A� RESULT
� THE� REVERSED� HETEROJUNCTION� IS� LIKELY� TO� BE� THE�MOST� PROMISING
DEVICE�STRUCTURE�FOR�SOLAR�CELLS�WITH������E6�ABSORBER�LAYERS�
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��� 5BOEFN�TPMBS�DFMMT

)N�SECTION�������THE�CONCEPT�OF�THE�MONOLITHIC�TANDEM�CELL�WAS�INTRODUCED�BUT�THE�ACTUAL
LAYER�SEQUENCE�AND�THE�BAND�DIAGRAM�REMAINS�TO�BE�SHOWN��4HE�DEVICE�BASICALLY�CONSISTS
OF� UXP� SOLAR� CELLS� THAT� ARE� GROWN� LATTICE�MATCHED� ONTO� EACH� OTHER�� 4HE� TWO� CELLS� ARE
CONNECTED�IN�SERIES�BY�AN�%SAKI��	OR�ÂINTERBANDÀ�
�TUNNELDIODE�WHICH�IS�A�CRUCIAL�FEATURE
OF�THE�DEVICE��4HE�OPERATING�PRINCIPLE�OF�THE�%SAKI�DIODE�IS�SHOWN�IN�FIGURE������

'JHVSF������ #BOE�EJBHSBN�	MFGU
�BOE�*�7�DVSWF�	SJHIU
�PG�BO�&TBLJ�UVOOFMEJPEF�<��>�

)N� VERY� HEAVILY� DOPED� PN�JUNCTIONS� THE� DEPLETION� LAYER� IS� VERY� NARROW� AND� MAJORITY
CARRIERS� CAN� RECOMBINE� VIA� TUNNELING�� (ENCE
� A� LARGE� TUNNELING� CURRENT� IS� OBSERVED� AT
SMALL� FORWARD� BIAS� 	7�7Q
�� 7ITH� INCREASING� FORWARD� BIAS
� THE� OVERLAP� DECREASES� UNTIL
TUNNELING�CAN�NO�LONGER�OCCUR�	7Q�7�7N
��"ASED�ON�THE�)�6�CURVE�THIS�BEHAVIOUR�IS�CALLED
ÂNEGATIVE�DIFFERENTIAL�RESISTANCEÀ��ÌT�EVEN�HIGHER�BIAS
�THE�CURRENT�VOLTAGE�CHARACTERISTIC
OF�A�CONVENTIONAL�DIODE�IS�OBSERVED�	7�7N
��ÌN�IMPORTANT�PROPERTY�OF�THE�DEVICE�IS�THE
PEAK�TUNNELING�CURRENT�DENSITY�AT�7Q�WHICH� INCREASES�WITH� INCREASING�DOPING� LEVELS�AND
DECREASING�BAND�GAP��4HE�BAND�DIAGRAM�OF�A�SIMPLE�MONOLITHIC�TANDEM�CELL�IS�SHOWN�IN
FIGURE� ������ 4HE� TUNNEL� JUNCTION� POLARITY� IS� REVERSED� IN� COMPARISON� TO� THE� ACTIVE� PN�
JUNCTIONS�OF�THE�TWO�SOLAR�CELLS��4HIS�CAN�BE�EASILY�UNDERSTOOD�BECAUSE�THE�PHOTOCURRENT
FLOWS� IN� THE� REVERSE� DIRECTION� OF� THE� ACTIVE� JUNCTIONS
� BUT� THE�MAJORITY� CARRIER� CURRENT
THROUGH�THE�TUNNEL�DIODE�MUST�BE�A�FORWARD�CURRENT��4HE�PHOTOCURRENTS�OF�THE�TWO�CELLS
WILL�LEAD�TO�A�VOLTAGE�ACROSS�THE�TUNNEL�JUNCTION�SO�THAT�MAJORITY�CARRIERS�IN�REGIONS�$�AND
%� GET� ANNIHILATED� AND� A� TUNNELING� CURRENT� FLOWS� THROUGH� THE� DIODE�� ÌS� LONG� AS� THE
PHOTOCURRENT�IS�SMALL�COMPARED�TO�THE�PEAK�TUNNEL�CURRENT
�THE�VOLTAGE�DROP�ACROSS�THE
TUNNEL�DIODE�WILL�BE�SMALL��(OWEVER
�FOR�BAD�TUNNEL�JUNCTIONS�OR�VERY�HIGH�PHOTOCURRENTS
THE� TUNNELING�EVENTUALLY�BREAKS�DOWN�AND� THE�%SAKI� DIODE�OPERATES� AS� A� CONVENTIONAL
DIODE
� I��E�� THE� CURRENT� IS�BASED�ON�DIFFUSION� INSTEAD�OF� TUNNELING��4HE� RELATED�VOLTAGE
DROP�REDUCES�7PD�OF�THE�WHOLE�TANDEM�CELL�AND�HENCE�THE�EFFICIENCY�OF�THE�DEVICE�
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BOE�XJUI�MJHIU�	CFMPX
�7PD 
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)T� MUST� BE� NOTED� THAT� THE� TOTAL� CURRENT� IN� THE
TANDEM� CELL� IS� ALWAYS� LIMITED� BY� THE� CELL� WITH� THE
LOWER� PHOTOCURRENT�� /N� THAT� BASIS
� THE� QUANTUM
EFFICIENCIES� OF� THE� TWO� CELLS� CAN� BE� MEASURED
SEPARATELY�� 7HEN� BIAS� LIGHT� WITH� A� SUITABLE
SPECTRUM� IS�USED� TO�ÀFLOODÁ�ONE�OF� THE� TWO�CELLS

MONOCHROMATIC� PROBE� LIGHT� CAN� BE� USED� TO
MEASURE�THE�1%�OF�THE�OTHER�DEVICE��&OR�MAXIMUM
OVERALL� EFFICIENCIES
� THE� PHOTOCURRENT� FOR� A� GIVEN
SPECTRUM�MUST� BE� THE� SAME� IN� BOTH� CELLS� DUE� TO
THE� SERIES� CONNECTION�� 0RELIMINARY� RESULTS� ON
ANTIMONY�CONTAINING�TANDEM�CELLS�CAN�BE�FOUND�IN
;��=�� (OWEVER
� AN� -/60%�GROWN� MONOLITHIC
	ÌL'A
	ÌS3B
�'A3B� TANDEM� CELL� STILL� REMAINS� TO� BE
SHOWN�

4HE� ���� E6� 	ÌL'A
	ÌS3B
�SOLAR� CELL� 	SAMPLE� ���

PRESENTED�IN�SECTION�����AND�A������E6�'A3B�SOLAR
CELL�	SECTION������
�EMITTER�DOPING�LEVEL�� 17101⋅ CM��

WERE� COMBINED� IN� A� PRELIMINARY� TANDEM� CELL
STRUCTURE�ACCORDING�TO�FIGURE�������ÌS�	ÌL'A
	ÌS3B

COULD�NOT�BE�DOPED�MUCH�HIGHER�THAN� 1810~n CM��

NO� BACK� SURFACE� PASSIVATION� WAS� INCLUDED� IN� THE
TOP� CELL� STRUCTURE�� 4HE� DESIGN� OF� THE� TUNNEL� DIODE
WAS� BASED� ON� THE� RESULTS� OF� CHAPTER� ��� ÌS� THE
ELECTRON� CONCENTRATION� IN� TELLURIUM�DOPED
ANTIMONIDES�SEEMS�TO�SATURATE�AT�RATHER�LOW�VALUES
AROUND� 31810~ −cmn � THE� UNDERLYING� MATERIAL
SHOULD� HAVE� A� SMALL� BAND� GAP� TO� ALLOW� TUNNELING
PROCESSES�� /N� THE� OTHER� HAND� VERY� HIGH� ACCEPTOR

CONCENTRATIONS� WERE� FOUND� IN� 	ÌL'A
	ÌS3B
�� ÌS� A� CONSEQUENCE
� AN� N�	'A)N
	ÌS3B
�
P��	ÌL'A
	ÌS3B
�STRUCTURE� WAS� TRIED� AS� TUNNEL� JUNCTION�� (OWEVER
� RELATED� EXPERIMENTS
WITH�ISOLATED�MESA�DIODES�BASED�ON�SIMILAR� JUNCTIONS�DID�NOT�SHOW�AN�AREA�OF�NEGATIVE
DIFFERENTIAL�RESISTANCE��)T�MUST�THEREFORE�BE�ASSUMED�THAT�THE�UPPER�DOPING�LIMITS�IN�THE
ANTIMONIDES� ARE� NOT� SUFFICIENT� TO� ALLOW� AN� ADEQUATELY� NARROW� JUNCTION�� 4HE� ÀTUNNELÁ
JUNCTION� WILL� WORK� AS� A� CONVENTIONAL� DIODE� AND� A� SIGNIFICANT� VOLTAGE� DROP� WILL� OCCUR
ACROSS� THE� JUNCTION�� #ONSEQUENTLY
� THE� OPEN�CIRCUIT� VOLTAGE� OF� THE� DEVICE� AT� A
CONCENTRATION� RATIO� OF� AROUND� ��� WAS� ONLY� ���� M6�� (OWEVER
� THERE� IS� A� PROMISING

GaSb
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'JHVSF������

*O"T�(B4C�CBOE�BMJHONFOU�
"� UXP�EJNFOTJPOBM� FMFDUSPO�HBT� JT
GPSNFE� JO� UIF� *O"T� BOE� B� UXP�
EJNFOTJPOBM�IPMF�HBT� JO�UIF�(B4C�
"�UVOOFM�DVSSFOU�XJMM�GMPX�VOUJM�UIF
BQQMJFE�CJBT�WPMUBHF�XJMM�FWFOUVBMMZ
QSFWFOU� UIF�DPSSFTQPOEJOH�PWFSMBQ
PG� UIF� �%&(� BOE� UIF� �%)(�
)FODF
� B� OFHBUJWF� EJGGFSFOUJBM
SFTJTUBODF�DBO�CF�PCTFSWFE�

'A3B�CONTACT�LAYER
P��%��CM��
�D���NM

	ÌL����'A����
	ÌS����3B����

P^�%��CM��
�D^��NM

	ÌL����'A����
	ÌS����3B����

P^�%��CM��
�D^���NM

	ÌL����'A����
	ÌS����3B����

N^�%��CM��
�D^���NM

	'A)N
	ÌS3B
�LAYER
N^�%��CM��
�D^��NM

	ÌL����'A����
	ÌS����3B����

P^�%��CM��
�D^��NM

'A3B�EMITTER�LAYER
P��%��CM��
�D����oM

'A3B�BASE�LAYER
N��%��CM��
�D����NM

'A3B�"3&�LAYER
N��%��CM��
�D����NM

'A3B�BUFFER�LAYER
N��%��CM��
�D����NM

'JHVSF������
-BZFS�TFRVFODF�PG�UBOEFN�DFMM
TUSVDUVSF�����
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ALTERNATIVE�FOR�A�'A3B�BASED�TUNNEL� JUNCTION��)N�ADDITION�TO�THE�%SAKI�TUNNEL�DIODE�AND
THE�RESONANT�INTRABAND�TUNNEL�DIODE�	24$
�	E��G��;���=
����

�A�FURTHER�RESONANT�TUNNELING
DEVICE�CAN�BE�DESIGNED�WHICH�IS�A�HYBRID�OF�THE�%SAKI�AND�THE�24$�TUNNELDIODE��THE�SO�
CALLED� RESONANT� INTERBAND� TUNNEL� DIODE� 	2)4$
�WHICH� IS� BASED� ON� THE� )NÌS�'A3B�BAND
ALIGNMENT�	TYPE� ))"
��&IGURE������SHOWS�THE� )NÌS�'A3B�HETEROJUNCTION
�AT�WHICH�A�TWO�
DIMENSIONAL�ELECTRON�GAS� IS� FORMED� IN� THE� )NÌS�AND�A� TWO�DIMENSIONAL�HOLE�GAS� IN� THE
'A3B��Ì�TUNNEL�CURRENT�WILL�FLOW�UNTIL�THE�APPLIED�BIAS�VOLTAGE�WILL�EVENTUALLY�PREVENT�THE
CORRESPONDING�OVERLAP�OF��$%'��$('�AND�A�NEGATIVE�DIFFERENTIAL�RESISTANCE�IS�OBSERVED
;��=�� THE� OPERATING� PRINCIPLE� IS� BASICALLY� THE� SAME� AS� IN� CORRESPONDING� 2)4$�
)NÌS�ÌL3B�'A3B�ÌL3B�)NÌS�HETEROSTRUCTURES�	E��G��FIGURE��� IN�;��=
��$UE�TO�THE�PROBLEMS
IN�ACHIEVING�SUFFICIENTLY�HIGH�DOPING�LEVELS�THAT�WOULD�ALLOW�%SAKI�TUNNEL�DIODES�IN�'A3B�
BASED� STRUCTURES
� THE� )NÌS�'A3B�HETEROJUNCTION� SHOULD� THEREFORE� BE� CONSIDERED� IN� THE
FURTHER�DEVELOPMENT�OF�'A3B�BASED�TANDEM�CELL�STRUCTURES�

ÌPART�FROM�THE�QUESTIONS�RELATED�TO�THE�TUNNEL�DIODE�AND�THE�OPEN�CIRCUIT�VOLTAGE
�THE
QUANTUM� EFFICIENCY� OF� THE� COUPLED� DEVICES� IS� OF� INTEREST�� 4HEREFORE
� THE� %1%S� WERE
MEASURED�USING�THE�BIAS�LIGHT�TECHNIQUES�DESCRIBED�ABOVE��&URTHER�DETAILS�CAN�BE�FOUND
IN�;��=��4HE�RESULTS�ARE�SHOWN�IN�FIGURE�������4HE�TOP�CELL�HAS�AN�%1%�VERY�SIMILAR�TO�THE
CORRESPONDING� SINGLE� JUNCTION� DEVICE� SHOWN� IN� FIGURE� ������ 4HE� LONG�WAVELENGTH
RESPONSE�IS�NOT�OBSERVED�BECAUSE�THE�RESPONSIBLE�BUFFER�LAYER�WAS�OF�COURSE�OMITTED�IN
THE�TANDEM�STRUCTURE��4HE�%1%�OF�THE�BOTTOM�CELL�IS�LIMITED�BY�THE�ABSORPTION�OF�THE�TOP
CELL�FOR�WAVELENGTHS�BELOW�^����NM��ÌT�ENERGIES�WHERE�THE�TOP�CELL�IS�TRANSPARENT�THE
%1%�OF� THE�BOTTOM�CELL� REACHES�VALUES�OF�APPROXIMATELY������4HIS� IS� SLIGHTLY� LESS� THAN
THE�CORRESPONDING�SINGLE�JUNCTION�DEVICE�	FIGURE�����
�BASE�DOPING� 17105 ⋅ CM��
��4HIS�CAN
BE�PARTLY�ATTRIBUTED�TO�THE�OPTICAL�INTERFERENCE�PATTERNS�WHICH�ARE�SUPERIMPOSED�ON�THE
%1%�� IN� ADDITION
� A� SIGNIFICANT� ABSORPTION�OF� THE� LOW�BAND�GAP�MATERIAL� IN� THE� TUNNEL
DIODE�MUST�AS�WELL�BE�EXPECTED��)N�SUMMARY
�AN�-/60%�GROWN�'A3B�BASED�MONOLITHIC
	ÌL'A
	ÌS3B
�'A3B� TANDEM� CELL� HAS� BEEN� DEMONSTRATED� FOR� THE� FIRST� TIME�� 0OINTS� FOR
SIGNIFICANT�FUTURE�IMPROVEMENTS�OF�THE�DEVICE�HAVE�BEEN�IDENTIFIED�
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'A3B�HOMOJUNCTION�SOLAR�CELLS�HAVE�BEEN�DEVELOPED��4HE�STARTING�POINT�WAS�A�DISCUSSION
OF� THE� FUNDAMENTAL� ASPECTS� OF� CELL� STRUCTURE� DESIGN�� "ASED� ON� MATERIAL� DATA� AND
LITERATURE�REPORTS
�A�STRUCTURE�WAS�CHOSEN�WHICH�CONSISTS�OF�A�����oM�P�TYPE�EMITTER�AND
A� ���� oM� N�TYPE� BASE�� 4HE� IMPORTANCE� OF� A� GOOD� FRONT� SURFACE� PASSIVATION� WAS
DISCUSSED��ÌN�	ÌL'A
	ÌS3B
�WINDOW�LAYER�WAS�SHOWN�TO�BE�VERY�EFFECTIVE�IN�THIS�CONTEXT�
)NTERNAL�QUANTUM�EFFICIENCIES�ABOVE�����HAVE�BEEN�ACHIEVED�FOR�THE�SPECTRAL�RANGE����
���� ���� oM�� 4HIS� MUST� BE� CONSIDERED� A� VERY� GOOD� VALUE� FOR� THESE� EARLY� STAGES� OF� THE
DEVICE�DEVELOPMENT��4HE�EFFECTS�OF�BOTH�THE�EMITTER�AND�BASE�DOPING�LEVELS�ON�THE�%1%
AND�7PD�COULD�BE�DETERMINED�

&URTHERMORE
�AN�-/60%�GROWN�	ÌL'A
	ÌS3B
�SOLAR�CELL�WITH�A�BAND�GAP�OF�%GAP^����E6
COULD�BE�SHOWN�FOR�THE�FIRST�TIME��"OTH�THE�%1%�AND�7PD�OF�THIS�PRELIMINARY�DEVICE�NEED
FURTHER� IMPROVEMENT�� 4HE� CURRENT� DEVICE� PERFORMANCE� IS� MAINLY� LIMITED� BY� THE
UNSATISFACTORY�PURITY� OF� THE�NOVEL�METALORGANIC�PRECURSORS�WHICH� HAVE� BEEN� EMPLOYED
FOR�THE�GROWTH�

Ì� 'A3B� AND� AN� 	ÌL'A
	ÌS3B
� CELL� WERE� COMBINED� AND� AN�-/60%�GROWN� 'A3B�BASED
MONOLITHIC� 	ÌL'A
	ÌS3B
�'A3B� TANDEM� CELL� COULD� BE� DEMONSTRATED� FOR� THE� FIRST� TIME�
ÌPART�FROM�THE�ABOVE�MENTIONED�PURITY�PROBLEMS�OF�THE�ALUMINIUM�CONTAINING�MATERIAL

THE� DEVICE� PERFORMANCE� IS� ALSO� LIMITED� BECAUSE� OF� THE� LOW�DOPING� UPPER� LIMITS� IN� THE
ANTIMONIDES� THAT� PROHIBIT� THE� SUCCESSFUL� DEPOSITION� OF� AN� %SAKI� TUNNEL� DIODE� IN� THE
STRUCTURE��(ERE
� FURTHER�DEVELOPMENTS� SHOULD�EITHER� FOCUS�ON�NOVEL�DOPANTS�OR�ON� THE
TYPE�))"�JUNCTION�BETWEEN�)NÌS�AND�'A3B�IN�ORDER�TO�DEPOSIT�SUCCESSFUL�TUNNEL�JUNCTIONS�

)N� ADDITION
� A� NOVEL� CLASS� OF� 'A3B�BASED� PHOTOVOLTAIC� DEVICES� WAS� DEVELOPED�� PN�
HETEROJUNCTION� SOLAR� CELLS�� (ERE
� EMITTER� AND� BASE� CONSIST� OF� MATERIALS� WITH� DIFFERENT
BAND� GAPS�� 7HILE� THE� PERFORMANCE� OF� P�	ÌL'A
	ÌS3B
�N�'A3B� CELLS� IS� BELIEVED� TO� BE
LIMITED�BY�THE�MINORITY�CARRIER�DIFFUSION�LENGTHS�IN�-/60%�GROWN�TELLURIUM�DOPED�'A3B
BASE� LAYERS
� A� REVERSED� P�'A3B�N�	ÌL'A
	ÌS3B
� STRUCTURE� GAVE� THE� SAME� QUANTUM
EFFICIENCY�AS�A�CORRESPONDING�'A3B�HOMOJUNCTION�DEVICE�WHILE�THE�OPEN�CIRCUIT�VOLTAGE
INCREASED� BY� APPROXIMATELY� ���M6�� 4HE� INCREASED� VOLTAGE� IS� BELIEVED� TO� BE� DUE� TO� A
REDUCED�DARK�CURRENT�IN�THE�DEVICE��4HE�REVERSED�HETEROJUNCTION�APPROACH�CAN�OF�COURSE
AS�WELL�BE�INCLUDED�IN�FUTURE�TANDEM�CELL�CONCEPTS�

)F�A�FURTHER�IMPROVEMENT�CONCERNING�THE�PURITY�OF�THE�EMPLOYED�METALORGANIC�PRECURSORS
CAN� BE� ACHIEVED
� A� THOROUGH� OPTIMISATION� OF� THE� DEVICE� STRUCTURE� AND� FABRICATION
TECHNOLOGY�CAN�EVENTUALLY�BE�EXPECTED�TO�PRODUCE�A�HIGHLY�EFFICIENT� 	ÌL'A
	ÌS3B
�'A3B
TANDEM�CELL�FOR�A�CONCENTRATING�APPLICATION�
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4HE�RESULTS�PRESENTED�IN�THIS�WORK�COVER�A�WIDE�RANGE�OF�BOTH�FUNDAMENTAL�AND�APPLIED
ASPECTS��4HESE�INCLUDE�THE�COMPLEX�-/60%�GROWTH�OF�VARIOUS�)))�ANTIMONIDES�AS�WELL�AS
THE�ELECTRONIC�AND�OPTICAL�PROPERTIES�OF�SILICON�DOPED�'A3B��4HE�RESULTS�OF�THESE�DETAILED
INVESTIGATIONS�MADE� THE� DEVELOPMENT� OF� NOVEL� PHOTOVOLTAIC� DEVICE� STRUCTURES� POSSIBLE
	E�� G�� MONOLITHIC� 	ÌL'A
	ÌS3B
�'A3B�TANDEM� CELLS
�� 4HE� PROPERTIES� OF� THE� RELATED� SOLAR
CELLS� WERE� ANALYSED� WITH� REGARD� TO� THE� RESULTS� ON� GROWTH� AND� MATERIAL� PROPERTIES�� Ì
DETAILED�SUMMARY�IS�GIVEN�IN�THE�FOLLOWING�TOGETHER�WITH�GUIDELINES�FOR�FUTURE�WORK�

4HE�RANGES�FOR�MOST�'A3B�GROWTH�PARAMETERS�ARE�EXTREMELY�NARROW�AND�THE�MULTIWAFER
GEOMETRY�OF�THE�GROWTH�ENVIRONMENT�HAS�PROVEN�TO�BE�AN�ADDITIONAL�CHALLENGE�� )N�THIS
THESIS
� VARIOUS� SUBSTRATE� ISSUES� HAVE� BEEN� ANALYSED� SUCH� AS� OXIDE� DESORPTION� AND� FILM
MORPHOLOGY�VERSUS� SUBSTRATE�MISCUT�ANGLE��ÌN�ACTIVATION�ENERGY�OF���E6� FOR� THE�OXIDE
DESORPTION�WAS� OBTAINED
� AND� IN�SITU� ETCHING� OF�'A3B�WAS� DEMONSTRATED� FOR� THE� FIRST
TIME�USING�TERTIARYBUTYLCHLORIDE��4HE�ELECTRICAL�AND�OPTICAL�PROPERTIES�OF�'A3B�GROWN� IN
THE�MULTIWAFER� REACTOR�HAVE�BEEN�SHOWN�TO�BE�WELL� IN� LINE�WITH�THE�BEST�VALUES� IN� THE
LITERATURE�� -OREOVER
� THE� SUCCESSFUL� GROWTH� OF� HIGH�QUALITY� 	ÌL'A
	ÌS3B
� COULD� BE
DEMONSTRATED� FOR� THE� FIRST� TIME� IN� A� MULTIWAFER� -/60%�REACTOR�� ÌS� THE� STANDARD
ALUMINIUM� PRECURSOR� TRIMETHYLALUMINIUM� IS� NOT� SUITED� FOR� THE� GROWTH� OF� ANTIMONIDES

TWO�PROMISING�ALTERNATIVES�WERE�COMPARED�TO�EACH�OTHER��DIMETHYLETHYLAMINE�ALANE�AND
TRITERTIARYBUTYLALUMINIUM�� 4HE� RELATED� RESULTS� REPRESENT� THE� FIRST� REPORT� OF� A� EJSFDU
COMPARISON�BETWEEN�THE�TWO�SOURCES��	ÌL'A
	ÌS3B
�WITH�LOW�OXYGEN�AND�CARBON�LEVELS
COULD� BE�GROWN�USING� THE� ALANE�� (OWEVER
� THIS� HIGHLY� REACTIVE� PRECURSOR� IS� SUBJECT� TO
PARASITIC� PRE�REACTIONS� AND� PRE�DEPOSITION�� 4HIS� BECAME� EVIDENT� WHEN� THE� FOLLOWING
POINTS�WERE�OBSERVED��AN�UNUSUAL�NON�LINEAR� INCORPORATION�BEHAVIOUR
�A�WHITE�POWDER
AS�PRE�REACTION�PRODUCT�ON�THE�INLET�NOZZLE
�A�TEMPERATURE�DEPENDENT�EFFICIENCY�EVEN�FAR
ABOVE�THE�CORRESPONDING�DECOMPOSITION�TEMPERATURE
�REDUCED�EFFICIENCIES�THAT�DEPEND
ON�THE�MOLAR�FLOW�RATES�OF�OTHER�PRECURSORS
�HIGHER�EFFICIENCIES�AT� INCREASED�CARRIER�GAS
FLOW�RATES
�AND�A�NON�ABRUPT�INCORPORATION�BEHAVIOUR�WHEN�THE�SOURCE�IS�SWITCHED�ON�OR
OFF��(OWEVER
�FURTHER�OPTIMISATION�ALLOWED�THE�DEPOSITION�OF�	ÌL'A
	ÌS3B
�WITH�SUFFICIENT
QUALITY�FOR�DEVICE�APPLICATIONS��&OR�THE�PRECURSOR�COMBINATION�4%'A�$-%ÌÌ�4-3B�4"ÌS
N�TYPE�DOPING�OF�	ÌL'A
	ÌS3B
�WITH�TELLURIUM�WAS�SHOWN�TO�BE�POSSIBLE�BUT�VERY�DIFFICULT�
&UTURE�WORK�ON�THIS�FIELD�MUST�FOCUS�ON�TWO�MAIN�POINTS��&IRSTLY
�THE�PURITY�OF�THE�NOVEL
PRECURSORS�MUST�BE�SIGNIFICANTLY� IMPROVED�BY� THE�MANUFACTURERS��3ECONDLY
� THE�GROWTH
CONDITIONS�MUST�STILL�BE�IMPROVED�IN�ORDER�TO�REDUCE�THE�ABOVE�MENTIONED�PROBLEMS��&OR
EXAMPLE
� THE� TEMPERATURE� GRADIENTS� AND� GAS� FLOW� DYNAMICS� IN� THE� REACTOR� SHOULD� BE
FURTHER�ADAPTED�TO�THE�PARTICULAR�PROPERTIES�OF�THE�ANTIMONIDES��4IN�SHOULD�BE�TESTED�AS
DONOR�DOPANT�FOR�THE�MATERIAL��7ITH�REGARD�TO�A�LARGE�NUMBER�OF�POSSIBLE�APPLICATIONS

COMPOSITIONS�SHOULD�ALSO�BE�CONSIDERED�THAT�ARE�LATTICE�MATCHED�TO�)N0�

0ARTICULAR� ATTENTION�WAS� DRAWN� TO� SILICON� AS� NOVEL� ACCEPTOR� DOPANT� IN� THE�-/60%� OF
ANTIMONIDES�� 4HIS� ELEMENT� IS� GENERALLY� KNOWN� AS� AN� AMPHOTERIC� IMPURITY� IN� )))�6
SEMICONDUCTORS��(OWEVER
�IN�ÌS��AND�0�BASED�)))�6�COMPOUNDS�MOST�GROWTH�CONDITIONS
LEAD� TO�AN� INCORPORATION�OF�3I�PREFERENTIALLY�ON�GROUP� )))�SITES
�MAKING� IT� A� COMMON�N�
TYPE�DOPANT��/N�THE�OTHER�HAND
�3I�HAS�BEEN�FOUND�TO�BEHAVE�AS�ACCEPTOR�IN�MANY�'A3B
GROWTH� TECHNIQUES
� BUT� THE� LEVEL� OF� UNDERSTANDING� AND� EXPERIENCE� CONCERNING� THIS
ACCEPTOR� IS� STILL� VERY� LIMITED�� 4HEREFORE� THE� INCORPORATION� BEHAVIOUR� AND� THE� ELECTRICAL
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PROPERTIES�OF�3I�ACCEPTORS�IN�-/60%�GROWN�MATERIAL�WERE�EXAMINED�IN�CHAPTER����4HE�0,
PROPERTIES�OF�NOT�INTENTIONALLY�DOPED�AND�LIGHTLY�SILICON�DOPED�'A3B�WERE�STUDIED��Ì�0,
LINE�AT�APPROXIMATELY����ME6
�WHOSE�ASSIGNMENT�HAD�PREVIOUSLY�BEEN�CONTROVERSIAL
�HAS
BEEN�IDENTIFIED�AS�DUE�TO�A�TRANSITION�OF�A�FREE�ELECTRON�TO�NEUTRAL�ACCEPTOR� ( )0

SbSi  e ��ÌLL

OTHER�0,�PEAKS�IN�THE�HIGH�ENERGY�PART�OF�THE�SPECTRUM�COULD�ALSO�BE�EXPLAINED�WITHIN
THE� CONCEPT� OF� POTENTIAL� FLUCTUATIONS� DUE� TO� THE� CHARGED� IMPURITY� DISTRIBUTION�� 4HE
ACTIVATION� ENERGY� OF� THE� SILICON� ACCEPTOR� COULD� BE� ESTIMATED� AS� &" � 4.08.8 ± ME6�
'ENERALLY
� LIGHT� DOPING� WITH� SILICON� RESULTED� IN� A� HIGHER� MOBILITY
� A� REDUCED
COMPENSATION�RATIO�AND�AN� IMPROVED�0,� INTENSITY�COMPARED�TO�NOT� INTENTIONALLY�DOPED
SAMPLES��3ILICON�DOPING�MIGHT�RESULT�IN�A�SUPPRESSION�OF�THE�NATIVE�DEFECT�IN�'A3B�AND�IS
BELIEVED�TO�LEAD�TO�A�REDUCTION�OF�THE�NON�RADIATIVE�RECOMBINATION�RATE�IN�THE�MATERIAL�
4HESE� FEATURES� MAKE� THE� SILICON� ACCEPTOR� AN� INTERESTING� NOVEL� CANDIDATE� FOR� VARIOUS
'A3B�BASED�DEVICE�APPLICATIONS�� )T�WAS�THEREFORE�USED�FOR� THE�DEPOSITION�OF� THE�DEVICE
STRUCTURES�DESCRIBED� IN�CHAPTER����&URTHER�WORK�CONCERNING� THE�SILICON�ACCEPTOR� SHOULD
CONSIDER� THE� ABOVE� MENTIONED� ASSUMPTION� OF� A� SUPPRESSION� OF� THE� NATIVE� ACCEPTOR
DEFECT� IN�'A3B��7HILE� THE� STRUCTURAL� NATIVE�DEFECT� CAN�NOT�BE�PASSIVATED�BY�HYDROGEN
IMPLANTATION
�A�REAL�EXTRINSIC�ACCEPTOR�LIKE�SILICON�COULD�OFFER�THIS�POSSIBILITY�AND�MATERIAL
WITH� EXCEPTIONALLY� LOW� BACKGROUND� ACCEPTOR� CONCENTRATIONS� CAN� BE� EXPECTED�� )N
ADDITION
� IT� WILL� BE� VERY� INTERESTING� TO� COMPARE� THE� 3HOCKLEY�2EAD�(ALL� RECOMBINATION
RATES� IN� NOT�INTENTIONALLY� DOPED� AND� LIGHTLY� SILICON� DOPED� 'A3B�� HERE
� THE� DRASTICALLY
ENHANCED�0,�INTENSITY�IN�LIGHTLY�SILICON�DOPED�MATERIAL�IS�PROMISING�

"ASED� ON� THE� RESULTS� CONCERNING� GROWTH� AND� DOPING
� PHOTOVOLTAIC� DEVICES� WERE
DEVELOPED��&IRSTLY
�THE�FUNDAMENTAL�CELL�STRUCTURE
�THE�FRONT�SURFACE�PASSIVATION�AND�THE
DOPING�LEVELS� IN�'A3B�PN�HOMOJUNCTION�SOLAR�CELLS�WERE�ANALYSED��$EVICES�WITH� INTERNAL
QUANTUM�EFFICIENCIES�ABOVE�����HAVE�BEEN�ACHIEVED�WITH� SILICON�AS�P�TYPE�DOPANT� IN
THE�ACTIVE�REGION��4HIS�MUST�BE�CONSIDERED�A�VERY�GOOD�VALUE� FOR� THESE�EARLY� STAGES�OF
THE�DEVICE�DEVELOPMENT��&URTHERMORE
�AN�-/60%�GROWN� 	ÌL'A
	ÌS3B
� SOLAR�CELL�WITH�A
BAND�GAP�OF� %GAP^���� E6� COULD� BE� SHOWN�� 4HIS� IS� THE� FIRST� REPORT� OF� A�MINORITY� CARRIER
DEVICE� WITH� -/60%�GROWN� 	ÌL'A
	ÌS3B
� IN� THE� ACTIVE� REGION�� (OWEVER
� BOTH� THE
QUANTUM� EFFICIENCY� AND�7PD� OF� THIS� PRELIMINARY� DEVICE� NEED� FURTHER� IMPROVEMENT�� 4HE
CURRENT� DEVICE� PERFORMANCE� IS�MAINLY� LIMITED� BY� THE� UNSATISFACTORY� PURITY� OF� THE� NOVEL
METALORGANIC� PRECURSORS� WHICH� HAVE� BEEN� EMPLOYED� FOR� THE� GROWTH�� )N� ADDITION
� AN
-/60%�GROWN� 'A3B�BASED� MONOLITHIC� 	ÌL'A
	ÌS3B
�'A3B� TANDEM� CELL� COULD� BE
DEMONSTRATED�FOR�THE�FIRST�TIME��4HE�DEVICE�PERFORMANCE�IS�PARTLY�LIMITED�BECAUSE�OF�THE
LOW�DOPING�UPPER�LIMITS�IN�THE�ANTIMONIDES�THAT�PROHIBIT�THE�SUCCESSFUL�DEPOSITION�OF�AN
%SAKI�TUNNEL�DIODE�IN�THE�STRUCTURE��)N�ADDITION
�A�NOVEL�CLASS�OF�'A3B�BASED�PHOTOVOLTAIC
DEVICES�WAS�DEVELOPED��PN�HETEROJUNCTION�SOLAR�CELLS��(ERE
�EMITTER�AND�BASE�CONSIST�OF
MATERIALS�WITH� DIFFERENT� BAND� GAPS�� Ì� P�'A3B�N�	ÌL'A
	ÌS3B
� STRUCTURE� GAVE� THE� SAME
QUANTUM�EFFICIENCY�AS�A�CORRESPONDING�'A3B�HOMOJUNCTION�DEVICE�WHILE�THE�OPEN�CIRCUIT
VOLTAGE�INCREASED�BY�APPROXIMATELY����M6��4HE�INCREASED�VOLTAGE�IS�BELIEVED�TO�BE�DUE
TO�A�REDUCED�DARK�CURRENT�IN�THE�DEVICE��4HE�RELATED�HETEROJUNCTION�APPROACH�SHOULD�BE
INCLUDED� IN� FUTURE� TANDEM� CELL� CONCEPTS�� )N� ADDITION
� THE� FURTHER� DEVELOPMENT� COULD
FOCUS� ON� THE� TYPE� ))"�JUNCTION� BETWEEN� )NÌS� AND�'A3B� IN� ORDER� TO� DEPOSIT� SUCCESSFUL
TUNNEL� JUNCTIONS�� )F� A� FURTHER� IMPROVEMENT� CONCERNING� THE� PURITY� OF� THE� EMPLOYED
METALORGANIC� PRECURSORS� CAN� BE� ACHIEVED
� A� THOROUGH� OPTIMISATION� OF� THE� DEVICE
STRUCTURE� AND� FABRICATION� TECHNOLOGY� CAN� EVENTUALLY� BE� EXPECTED� TO� PRODUCE� A� HIGHLY
EFFICIENT�	ÌL'A
	ÌS3B
�'A3B�TANDEM�CELL�FOR�A�CONCENTRATING�APPLICATION��ÌLTOGETHER
�THE
RESULTS�ON�FUNDAMENTAL�ASPECTS�OF�GROWTH�AND�MATERIAL�PROPERTIES�HAVE�BEEN�SUCCESSFULLY
APPLIED�TO�THE�DEVELOPMENT�OF�NOVEL�PHOTOVOLTAIC�DEVICE�STRUCTURES�BASED�ON�'A3B�
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Ì&- ATOMIC�FORCE�MICROSCOPE

	ÌL'A
ÌS ALUMINIUM�GALLIUM�ARSENIDE

	ÌL'A
3B ALUMINIUM�GALLIUM�ANTIMONIDE

	ÌL'A
	ÌS3B
 ALUMINIUM�GALLIUM�ARSENIDE�ANTIMONIDE

Ì-���D TERRESTRIAL�SOLAR�SPECTRUM
�DIRECT�LIGHT
�AIR�MASS����

Ì2# ANTIREFLECTIVE�COATING

"3& BACK�SURFACE�FIELD

#6 CAPACITANCE�VOLTAGE

#6$ CHEMICAL�VAPOUR�DEPOSITION

$Ì0 DONOR�ACCEPTOR�PAIR

$%4E DIETHYLTELLURIUM

$-%ÌÌ DIMETHYLETHYLAMINE�ALANE�ADDUCT

%1% EXTERNAL�QUANTUM�EFFICIENCY

&7(- FULL�WIDTH�AT�HALF�MAXIMUM

'AÌS GALLIUMARSENIDE

'A3B GALLIUMANTIMONIDE

'E GERMANIUM

(#L HYDROCHLORIC�ACID

(2�82$ HIGH�RESOLUTION�8�RAY�DIFFRACTION

)1% INTERNAL�QUANTUM�EFFICIENCY

,0% LIQUID�PHASE�EPITAXY

-"% MOLECULAR�BEAM�EPITAXY

-/60% METALORGANIC�VAPOUR�PHASE�EPITAXY

.$2 NEGATIVE�DIFFERENTIAL�RESISTANCE

0, PHOTOLUMINESCENCE

1.2 QUASI�NEUTRAL�REGION�	OF�A�PN�JUNCTION


3)-3 SECONDARY�ION�MASS�SPECTROSCOPY

4"ÌS TERTIARYBUTYLARSINE

4%'A TRIETHYLGALLIUM

4-ÌL TRIMETHYLALUMINIUM

4-3B TRIMETHYLANTIMONY

44"ÌL TRITERTIARYBUTYLALUMINIUM

6�)))�RATIO RATIO�OF�THE�PARTIAL�PRESSURE�OF�ALL�GROUP�6�AND�ALL�GROUP�)))�SOURCES�IN

THE�GAS�PHASE�OF�THE�-/60%�REACTOR
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"QQFOEJY��4VCTUSBUFT

4VCTUSBUF�NPSQIPMPHZ

4HE� FOLLOWING� FIGURES� SHOW�Ì&-¾S� OF� THE� DIFFERENT� SUBSTRATES� THAT� WERE� USED� FOR� THE
GROWTH�EXPERIMENTS��7HILE�THE�	���
�EXACT�ORIENTED�SUBSTRATES�WERE�ONLY�EMPLOYED�FOR
VERY� EARLY� GROWTH� EXPERIMENTS
� THE� �l� OFF� TO� 	���
Ì� SUBSTRATES� WERE� USED� FOR� THE
MAJORITY�OF�GROWTH�EXPERIMENTS��-OST�OF�THE�DEVICE�STRUCTURES�WERE�GROWN�ON�THE��l�OFF
	���
�TO�	���
�SUBSTRATES�AS�THESE�WERE�AVAILABLE�WITH�A��À�DIAMETER�

AFM picture of GaSb substrate
orientation: 2° off (100) to (111)A

Z: 33.2 nm

X: 6 µm Y: 6 µm
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AFM picture of GaSb substrate
orientation: 2° off (100) to (110)

X: 15 µm Y: 15 µm

Z: 11.0 nm

AFM picture of GaSb substrate
orientation: (100) exact

Z: 18.4 nm

X: 6 µm Y: 6 µm
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&QJ�MBZFS�NPSQIPMPHZ�WFSTVT�TVCTUSBUF�NJTDVU�BOHMF

4HE� FOLLOWING� FIGURES� SHOW� .ORMARSKI� CONTRAST� OPTICAL� MICROGRAPHS� OF� A� SOLAR� CELL
EPITAXIAL�STRUCTURE�GROWN�ON�DIFFERENT�SUBSTRATES� IN� THE�SAME�RUN�� )T�CAN�EASILY�BE�SEEN
THAT�THE�MORPHOLOGY�OF�THE� LAYER� IS�STRONGLY�DEPENDENT�ON�THE�SUBSTRATE�MISCUT�ANGLE�
7HILE� 	���
� EXACT� SUBSTRATES� GAVE� VERY� ROUGH� MORPHOLOGIES� WITH� A� HIGH� DENSITY� OF
FACETTED�DEFECTS
�MUCH�BETTER�MORPHOLOGIES�WERE�OBTAINED�FOR�THE��l�TO�	���
Ì�MISCUT�
%VEN� BETTER� MORPHOLOGIES� RESULTED� ON� �l� TO� 	���
� SUBSTRATES�� (ERE
� ONE� BATCH� OF
SUBSTRATES� GAVE� NEARLY� PERFECT� MORPHOLOGIES
� WHILE� A� SECOND� BATCH� SHOWED� SOME
DEFECTS��/BVIOUSLY
�THE�CHOICE�OF�THE�RIGHT�SUBSTRATE�IS�A�CRUCIAL�POINT�FOR�THE�GROWTH�OF
ANTIMONIDES��Ì�DETAILED�MICROSCOPIC�STUDY�INTO�THE�NUCLEATION�BEHAVIOUR�AS�A�FUNCTION�OF
THE�SUBSTRATE�MISCUT�ANGLE�AND�THE�SUBSTRATE�PREPARATION�WOULD�BE�OF�HIGH�INTEREST�

Normarski
contrast optical
micrographs of
solar cell epi-
structure #732, 
grown on the 
above substrate-
orientations

left:  (100) exact
right: 2°off (100)
 to (111)A 

Normarski
contrast optical
micrographs of
solar cell epi-
structure #732, 
grown on GaSb,
2° off (100) to (110)

left:  first batch
right:  second batch
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4HE� FOLLOWING� FIGURE� SHOWS� AN� Ì&-� PICTURE� OF� AN� EPITAXIAL� 'A3B� LAYER� OF� ���� NM
THICKNESS��4HE� LAYER�WAS�DEPOSITED�ON�A� 	���
�EXACT� SUBSTRATE� IN�ORDER� TO�EXAMINE� THE
SHAPE� AND� SIZE� OF� THE� FACETTED� DEFECTS� AT� SMALL� FILM� THICKNESSES�� 4HE� COMPARISON
BETWEEN�THIS� LAYER�AND�THE�ABOVE�SOLAR�CELL� STRUCTURE�ON�A� 	���
�EXACT�SUBSTRATE�SHOWS
THAT� A
�THE�DEFECTS�FORM�IN�THE�EARLY�STAGES�OF�THE�GROWTH
�AND

B
�THE�THICKER�THE�LAYER�GETS
�THE�BIGGER�THE�DEFECTS�BECOME�
4HESE�FINDING�COULD�BE�INTERPRETED�IN�THE�FOLLOWING�WAY�
)F�STRUCTURAL�DEFECTS�ORIGINATE�FROM�IN�IMPERFECT�NUCLEATION�PROCESS
�THE�DEFECTS�WILL�GROW
AND�THE�CRYSTAL�PLANES�WITH�THE� LOWEST�GROWTH�RATE�WILL� REMAIN��4HESE�PLANES�FORM�THE
SURFACES�OF�THE�FACETTED�DEFECTS�IN�THE�FIGURES��4HE�DEFECTS�COALESCE�WHEN�THE�DEPOSITION
PROCESS�PROCEEDS
�SO�THE� THICK� SOLAR�CELL� STRUCTURE�ABOVE�SHOWS� LESS�BUT�BIGGER�DEFECTS
THAN�THE�THIN�EPITAXIAL� LAYER�BELOW��ÌS�ALREADY�SAID�ABOVE
�A�DETAILED�MICROSCOPIC�STUDY
INTO�THE�HOMOEPITAXIAL�NUCLEATION�BEHAVIOUR�OF�'A3B�WOULD�BE�OF�HIGH�VALUE�

����NM�'A3B�EPILAYER
GROWN�ON�	���
�ON�AXIS
'A3B�	SAMPLE�����
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7HILE� MISORIENTED� 'A3B� SUBSTRATES� GAVE� THE� BEST� RESULTS� IN� THE� GROWTH� PROCESS� AT
&RAUNHOFER� )3%
� THE�PROCESS� IN� THE�#LARENDON� LABORATORY�WAS�OPTIMISED� FOR�EXACT� 	���

SUBSTRATES��4HE�FOLLOWING�FIGURE�COMPARES�A�LAYER�GROWN�AT�&RAUNHOFER�)3%�IN�&REIBURG�ON
A��l�TO�	���
Ì�SUBSTRATE�TO�A�LAYER�GROWN�AT�THE�#LARENDON�LABORATORY�IN�/XFORD�ON�AN
EXACT� 	���
�AND�A��l� TO� 	���
�SUBSTRATE��7HILE� THE� ATOMIC� TERRACES�ON� THE� EXACT� 	���

SAMPLE� INDICATE�A� STEP� FLOW�GROWTH�MODE
� THE�MORPHOLOGIES�OF�BOTH� LAYERS�GROWN�ON
MISORIENTED�SUBSTRATES�SUGGEST�A�STEP�BUNCHING�MODE�

3AMPLE ����� 'A3B
 SUBSTRATE� �l OFF TO 	���
Ì

	GROWN AT &RAUNHOFER )3%


3AMPLE ������ 'A3B
 SUBSTRATE� �l OFF TO 	���


	GROWN AT 5NIVERSITY OF /XFORD


3AMPLE ������ 'A3B
 SUBSTRATE� 	���
 EXACT

	GROWN AT 5NIVERSITY OF /XFORD
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